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Abstract 
 
Chapter 1.  Directing groups are a powerful means of controlling the selectivity in 
reactions.  The field of hydroformylation has used directing group strategies to 
control regio- and diastereoselectivity with much success.  However, directing groups 
are inherently inefficient as they must be installed and removed from the molecule of 
interest, and generate a stoichiometric byproduct in the process.  Strategies to solve 
this problem have included the use of exchange reactions that allow for transient 
binding of substrate to a molecule that can direct the course of the reaction.  This 
allows the use of catalytic quantities of the directing functionality to effect the desired 
transformation, and obviates the need for installation and removal of the directing 
functionality in separate steps. 
 
Chapter 2.  Our lab has developed a phosphorous based ligand that incorporates an 
N,O-acetal moiety that allows for reversible binding of both alcohol substrates and a 
metal catalyst.  These ligands rapidly exchange with alcohols in the presence of 
catalytic amounts of p-TsOH.  The racemic ligand was found to undergo 
epimerization on exchange with a chiral alcohol in an effort to isolate enantioenriched 
material.  However, a strategy using a thermodynamic gearing effect of adjacent 
stereocenters was found to be successful in producing a chiral ligand.  
 
Chapter 3. Using catalytic quantities of our scaffolding ligand we are able to effect 
branch- and diastereoselective hydroformylation of homoallylic alcohols.  We offer a 
model based on A1,3 strain for the origin of the diastereoselectivity, and tested 
substrates to lend support to the model.  We also investigated the use of chiral 
scaffolding ligands in the enantioselective hydroformylation of homoallylic alcohols, 
and preliminary results show modest enantioselectivity. 
 
Chapter 4.  We have expanded the substrate scope of our scaffolding ligand strategy 
to include the hydroformylation of allylic alcohols.  We are able to produce !-
hydroxy carbonyl compounds in good yields and with excellent selectivities, which 
offers an alternative to the formaldehyde aldol reaction.  We show that our strategy is 
successful in the hydroformylation of trisubstituted olefins, which are a difficult class 
of hydroformylation substrates, where we are able to produce single diastereomers in 
good yields under mild conditions.  We investigated the enantioselective 
hydroformylation of allylic alcohols and found that while racemization may be a 
problem with these substrates, in-situ hemi-acetal protection may offer a solution to 
the problem. 
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Chapter 1. Directed Reactions 
 
1.1 Introduction 
In organic synthesis, controlling the regio- and stereochemical outcome of a reaction 
is an ongoing challenge.1  Predictions may be made about reaction selectivity based 
upon the electronic properties of a substrate and upon analysis of non-bonding, or 
steric, interactions between the substrate and the reagents.  Reactions typically 
proceed in such a way as to minimize the effects of steric interactions, and as such, 
reagents typically approach the reactive site from the most accessible side of the 
molecule.  However, it has been noted that reactions often proceed with selectivities 
that would not be predicted based solely on steric and electronic arguments.  More 
specifically, the presence of a functional group in a molecule may help to determine 
the selectivity of a reaction.  These directing groups near the reaction site have been 
shown to preassociate with a reagent and influence the regio- and stereochemical 
outcome of the reaction.  In this way it is possible to deliver the reagent to a more 
sterically congested site of the molecule.2  This preorganization of reactants and 
reagents can lead to powerful methods for controlling the regio- and stereo-chemistry 
of a synthetic transformation, as has been shown in substrate directed chemical 
reactions of many types.1  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 (a) Hoveyda, A.H.; Evans, D.A.; Fu, G.C. Chem. Rev. 1993, 93, 1307-1370. For a review on selective 
hydroformylation see: (b) Breit, B.; Seiche, W. Syntheis, 2001, 1,1-36.  For a review on removable 
directing groups in organic synthesis and catalysis, see: (c) Rousseau, G.; Breit, B. Angew. Chem., Int. 
Ed. 2011, 50, 2450-2494. 
2 (a) Henbest, H. B.; Wilson, R. A. L. J. Chem. Soc. 1957, 1958-1965. (b) Winstein, S.; Sonnenberg, J. 
J. Am. Chem. Soc. 1961, 83, 3235-3244. 
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1.2 Hydroformylation 
Discovered in 1938 by Roelen,3 hydroformylation is the addition of hydrogen and 
carbon monoxide across a double bond, forming an aldehyde product (Figure 1.1, eq. 
1).  Today, the rhodium-catalyzed hydroformylation of alkenes is one of the most 
industrially important chemical transformations, being responsible for the production 
of millions of tons of aldehyde products per year.4  Much of the work on the 
hydroformylation reaction has centered on the selective production of the linear 
aldehyde regioisomer from terminal alkenes, as these products are desirable in 
commodity chemical synthesis.  
 
Accessing the aldehyde at a branched carbon via hydroformylation is a less studied 
problem. Methods to form branched aldehydes include using either symmetrical or 
electronically activated olefins.  For example, the hydroformylation of styrene5 
proceeds with selectivity for the branched aldehyde, presumably due to participation 
of the aromatic ring in metal coordination (Figure 1.1, eq. 2) 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!(a) Roelen, O. (Chemische Verwertungsgesellschaft, mbH Oberhausen) German Patent 849 548 
(1938/1952).  (b) Roelen, O. (Chemische Verwertungsgesellschaft, mbH Oberhausen) U.S. Patent 2 
327 066 (1943); Chem. Abstr. 1944, 38, 550.!
4 (a) Rhodium Catalyzed Hydroformylation; van Leeuwen, P. W. N. M., Claver, C., Eds; Kluwer 
Academic Publishers: Dordrecht, 2000. (b) Fronhning, C.D.; Kohlpainter, C. W.; Gaub, A.; Seidel, A.; 
Torrence, P.; Heymanns, P.; Hohn, A.; Beller, M.; Knifton, J. F.; Klausener, A.; Jentsch, J. D.; Tafesh, 
A. M. In Applied Homogenous Catalysis with Organometallic Compounds; Cornils, B., Herrmann, W. 
A., Eds.; Wiley: Weinheim, 2002; Vol. 1, Chapter 2. 
5 Yu, S.; Chie, Y.; Guan, Z.; Zou, Y.; Li, W.; Zhang, X. Org. Lett. 2009, 11, 241-244. 
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Figure 1.1. Hydroformylation of terminal olefins and styrene. 
 
 
 
The use of unsymmetrical or terminal olefins, however, affords poor regioselectivity 
or the linear isomer preferentially.  A reliable means of controlling regioselectivity in 
the hydroformylation reaction has been through the use of phosphorous-based 
directing groups.#b  
 
1.3 Directing Groups 
Despite the undeniable power of substrate directed chemical reactions, in some cases 
the directed reaction may not produce the desired regio- and stereochemical outcome.  
Also, directing groups are ineffective in cases in which their distance is too far from 
the reaction center to influence the course of the reaction.  Additionally, there is the 
case where an appropriate directing functionality is simply absent from the molecule 
of interest.  Much research, therefore, has been focused on incorporating 
R R
CHO
R
CHO
CHO
MLn
H2/CO
branched linear
+
Rh
P
P
CO
1.1 1.2 1.3
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functionalities into molecules that will act as directing groups but may also be excised 
from the molecule, if needed, after the directed reaction has been performed.6,#b,1c  
Most often, these substrate-bound functionalities serve to coordinate reversibly to a 
metal catalyst and enforce a transition state that will lead to product formation with 
high levels of selectivity.1b The utility of such directing groups hinges on the ease of 
installation and removal of such groups and, critically, how effective they are at 
directing the desired reaction. 
 
 Work by Burke and Cobb 
Phosphorous-based ligands have been shown to be highly effective in rhodium-
catalyzed hydroformylation,$ and a natural progression has been to incorporate the 
phosphorous atom into the substrate, thereby affecting an intramolecular delivery of 
the metal catalyst to the reaction site.  An early example of using phosphorous based 
directing groups to control the selectivity in the hydroformylation reaction comes 
from the synthesis of (+)-phyllanthocin published by Burke and Cobb.7  In the 
synthesis of (+)-phyllanthocin, Burke and Cobb were faced with the challenge of 
installing a methyl ester at C3 in the last stages of their synthesis (Figure 1.2).  Their 
initial attempts at  hydrometalation/carbonylation of C3 via hydrozirconation or 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 For examples of removable directing groups in organic synthesis and catalysis see: (a) Yoshida, J.; 
Itami, K. Synlett. 2006, 2, 157-180. (b) Oestreich, M. Eur. J. Org. Chem. 2005, 5, 783. 
7 Initial report on the total synthesis of (+)-phyllanthocin: (a) Burke, S. B.; Cobb, J. E.; Takeuchi, K. J. 
Org. Chem. 1985, 50, 3420-3421. Initial report on directed hydroformylation in the total synthesis of 
(+)-phyllanthocin: (b) Burke, S. D.; Cobb, J. E. Tetrahedron Letters, 1986, 27, 4237-4240.  Full paper 
including a discussion of the directed hydroformylation used in the total synthsis of (+)-phyllanthocin: 
(c) Burke, S. B.; Cobb, J. E.; Takeuchi, K. J. Org. Chem. 1990, 55, 2138-2151. 
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reaction with 9-BBN found the substrate to be unreactive, and they decided to 
investigate the hydroformylation reaction.  They note that their molecule was “In 
terms of functionality and architecture…clearly an unusually complicated 
hydroformylation substrate.”   
 
Figure 1.2.  Late stage strategy towards (+)-phyllanthocin by Burke and Cobb. 
 
 
 
Subjection of cyclohexene 1.9 to hydroformylation conditions (Figure 1.3) resulted in 
isolation of the C3-! and the desired C3-" formyl products in 21% and 20% yields, 
respectively.  They also isolated 12% of a single C4 formyl product (1.11).  
Fortunately, the C3-! isomer could be equilibrated (NaOMe, MeOH, 25 #) to a 
2.3:1 mixture favoring the C3-" epimer.  Jones oxidation of the formyl residue to the 
carboxylic acid followed by treatment with diazomethane afforded the methyl ester.  
Cleavage of the C-10 silyl ether and cinnamoylation completed their synthesis of (+)-
phyllanthocin. 
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Figure 1.3.  Hydroformylation applied to the total synthesis of (+)-phyllanthocin. 
 
 
 
Unsatisfied with the selectivities obtained in their initial report, Burke and Cobb 
further investigated the hydroformylation reaction in order to improve the yield, 
regio-, and stereoselectivity for the installation of the formyl group at C3.  Screening 
of reaction conditions showed that the presence of excess phosphine or phosphite 
ligands “…greatly enhanced the rate and cleanliness of the reaction…” but led to 
preferential formation of the undesired C4 isomer.  Burke and Cobb sought to exploit 
the positive effects of adding phosphine ligands, while somehow altering the regio-
and stereoselection to favor the desired C3 product.  Burke and Cobb thus formulated 
the notion of incorporating a phosphine ligand into the hydroformylation substrate 
itself, which would effect an intramolecular delivery of the rhodium catalyst.  
Molecular modeling suggested that replacement of the silyl ether functionality at C10 
with the p-(diphenylphosphino)benzoate auxillary would provide the necessary 
geometrical requirements for an intramolecular delivery of the rhodium catalyst.   
 
Disappointingly, subjection of this substrate to the hydroformylation conditions led to 
84% recovery of starting material and an 8% yield of the C4 formyl compound 1.11 
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as the only observable hydroformylation product.  Fortunately, a simple adjustment of 
geometry by changing to the m-(diphenylphosphino)benzoate afforded a combined 
yield of 72% of C3 formyl isomers which they were able to bring forward to (+)-
phyllanthocin. 
 
Figure 1.4.  Directed hydroformylation in the synthesis of (+)-phyllanthocin. 
 
 
 
 
This example by Burke and Cobb highlights the power of the intramolecular delivery 
of rhodium in the hydroformylation of olefins.  Through careful manipulation of 
geometry and with the proper ligand functionality Burke and Cobb were able to 
almost double the yield of C3 formyl isomers as compared to the undirected 
hydroformylation of their substrate and were thus able to access the desired aldehyde 
isomer necessary for the efficient synthesis of their target molecule. 
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Work by Jackson and Perlmutter 
At the same time that Burke and Cobb were working out the details of the synthesis 
of (+)-phyllanthocin, Jackson and Perlmutter were investigating methods to produce 
the branched aldehyde isomer selectively from terminal alkenes in the 
hydroformylation reaction.  Similar to Burke and Cobb, Jackson and Perlmutter 
reached the conclusion that “…inclusion of a phosphine in the alkene framework 
might lead to a more selective reaction.”8  Their initial report showed that 
diphenylphosphinylalk-1-enes 1.15 and 1.18 (Figure 1.5) would selectively give 
products of branch-selective hydroformylation, although the product aldehyde 
derived from 1.18 had been reduced to the corresponding alcohol 1.19 under 
hydroformylation conditions.  
 
Figure 1.5.  Regioselective hydroformylation of phosphine-bearing terminal alkenes. 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8 Jackson, W. R.; Perlmutter, P.; Suh, G.-H. J. Chem. Soc., Chem. Comm. 1987, 724-725. 
PPh2 PPh2
OH
PPh2 PPh2
CHO
PPh2OHC+
0.5 mol% [Rh(OAc)2]2
2 mol% PPh3
H2/CO (1:1, 400 psi)
EtOAc, 100 °C, 5 h
0.5 mol% [Rh(OAc)2]2
2 mol% PPh3
H2/CO (1:1, 400 psi)
EtOAc, 100 °C, 5 h
1.15 1.16 1.17
1.18 1.19
(1)
(2)
quant. conversion by NMR
rr = 60:40 (1.16 : 1.17)
quant. by NMR
86% isolated yield
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Importantly, Jackson and Perlmutter found the selectivity for the branched isomer 
was superior to that found for a hydrocarbon analog, hex-1-ene, which showed a 1:3 
ratio favoring production of the linear aldehyde.  Hydroformylation of the phosphine 
oxide of 1.18 was also performed and showed a product distribution (36:64 b:l) very 
similar to the hex-1-ene result, highlighting the importance of the phosphorous lone 
pair as a metal coordinating functionality.  
 
Jackson and Perlmutter continued their investigation of phosphorous substitution in 
controlling selectivity in the rhodium catalyzed hydroformylation of olefins and were 
interested in developing other chelating groups that could be further manipulated after 
the hydroformylation reaction.9  The use of phosphite esters of acylic homoallylic 
alcohols (1.20, Figure 1.6, eq. 1) afforded excellent regioisomeric aldehyde 
production where reduction of the intermediate aldehydophosphites gave only the 
1,4-diols as mixtures of diastereomers,10 i.e. the reaction proceeded with perfect 
regiocontrol. 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
9 The phosphino aldehydes produced from alkenylphosphines could be manipulated by Horner-Wittig 
methodology following: Buss, A. D.; Warren, S. Tetrahedron Lett. 1983, 24, 3931. 
10 Jackson, W. R.; Perlmutter, P.; Tasdalen, E. E. J. Chem. Soc., Chem. Comm. 1990, 763-764. 
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Figure 1.6.  Chelation control by phosphite esters in rhodium catalyzed hydroformylation. 
 
 
 
Although there was little diastereocontrol in the acyclic systems, Jackson and 
Perlmutter showed that the hydroformylation of cyclohexenyl phosphite 1.23 (Figure 
1.6, eq. 2) gave the cis-1,2-bis(hydroxymethyl)cyclohexane as a single product after 
reduction. 
 
 Work by Leighton 
The Leighton group has designed a phosphorous based directing group for the regio- 
and diastereoselective hydroformylation of allylic alcohols.11  An effective directing 
group, dibenzophosphole is tethered as a methyl ether to allylic alcohols.  This group 
was chosen over the simple diphenylphosphinomethyl ether (1) for its lower 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
11 Krauss, I. J.; Wang, C. C-Y.; Leighton, J. L. J. Am. Chem. Soc. 2001, 123, 11514-11515. 
OP(OEt)2
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(2)
a) H2/CO (1:1, 500 psi), [Rh(OAc)2]2 (alkene : Rh, 50 : 1),
benzene, 50 °C, 5-22 h; b) LiAlH4, Et2O
c) H2/CO (1:1, 500 psi), [Rh(OAc)2]2 (alkene : Rh, 50 : 1),
benzene, 100 °C, 44 h; d) LiAlH4, Et2O
a b
c d
80% 90%
R = H,   84%
R = Me, 75%,  60:40 dr
R = Ph,  85%,  70:30 dr
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propensity for air oxidation, (2) to increase diastereoselectivity, and (3) for the 
possibility of developing methods to cleave the directing group.   
 
Figure 1.7. Dibenzophosphole directed hydroformylation. 
 
 
 
Hydroformylation of the dibenzophospholyl functionalized alcohols proceedes 
smoothly, with products 1.27 being formed with good diastereoselectivities and 
excellent regioselectivities (Figure 1.7).  To address issues of product utility, the 
Leighton group was able to show that the aldehyde product can be reduced with 
LiAlH4 to produce the alcohol with the dibenzophosphinomethyl ether intact.  This 
compound could then be reduced to either the methyl ether with lithium di-tert-
butylbiphenylide, or to the diol with LiAlH4.  Alternatively, the diol could be directly 
produced from the hydroformylation product in a higher yielding process by global 
reduction with LiAlH4 in dioxane at 150 
!C in a sealed tube.   
 
 
 
P
O
R
P
O
R H
O
Me
2.5 mol%
Rh(acac)(CO)2
50 psi H2/CO
MeCN, 65 °C
1.26 1.27
R = Me, 92%, >98:2 rr, 81:19 dr
R = Ph, 96%, >98:2 rr, 86:14 dr
R = i-Pr, 94%, >98:2 rr, 94:6 dr
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Figure 1.8.  Manipulation of the dibenzophosphole directing group after hydroformylation. 
 
 
 
 Work by Breit 
Many synthetic targets, especially those in the polyketide class of natural products, 
contain the acyclic fragment 1.32.  A catalytic process for C-C bond formation with 
concurrent stereocontrol would therefore be attractive.  The Breit group chose to 
address this problem via the diastereoselective hydroformylation of methallylic 
alcohols 1.33.12   
 
Figure 1.9.  Access to 1,2-syn stereorelationship via hydroformylation. 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#%!(a) Breit, B. Angew. Chem. Int. Ed. Engl. 1996, 35, 2835-2837. (b)Breit, B. Liebigs. Ann./Recueil. 
1997, 1997, 1841-1851.!
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The rhodium-catalyzed hydrogenation of allylic and homoallylic alcohols are known 
to be highly stereoselective,13 presumably directed by pre-coordination of the 
catalytically active rhodium species to the hydroxy functionality.  Unfortunately, 
Breit reports, the hydroformylation of unprotected methyallylic alcohol 1.34 produces 
a 1:1 mixture of diastereomeric lactones upon oxidation of the resulting lactols 
(Figure 1.10, eq 1).  The rhodium catalyzed hydroboration of methyallylic alcohols 
proceeds with high levels of selectivity when protected with bulky silyl protecting 
groups.14  In light of this, the hydroformylation of such substrates 1.37 was carried out 
in the Breit lab, and the results showed that such substrates do not elicit selectivity in 
the hydroformylation reaction as the aldehyde products were formed in a 1:1 
diastereomer ratio (Figure 1.10, eq. 2). 
 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
13 For a review see: Brown, J. M. Angew. Chem. Int. Ed. Engl. 1987, 26, 190-203. 
14 See (a): Evans, D. A.; Fu, G. C.; Hoveyda, A. H. J. Am. Chem. Soc. 1988, 110, 6917-6918. (b): 
Evans, D. A.; Fu, G. C.; Hoveyda, A. H. J. Am. Chem. Soc. 1992, 114, 6671-6679. (c): Burgess, K.; 
Ohlmeyer, M. J. Chem. Rev. 1991, 91, 1179-1191. 
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Figure 1.10.  Hydroformylation of unprotected- and silyl-protected allylic alcohols. 
 
 
 
Inspired by the work of Burke and Cobb, Breit investigated the use of a 
diphenylphosphino benzoic acid-based directing group to control selectivity in the 
hydroformylation reaction. #%  Breit notes that such a directing group must meet 
certain requirements to be successful in the rhodium-catalyzed hydroformylation of 
alkenes: (1) it must be able to compete as a ligand with carbon monoxide, which is 
present in large excess in the hydroformylation reaction, (2) it must not irreversibly 
coordinate to the catalytically active metal center, which would shut down turn-over 
and therefore catalysis, and (3) this group must be readily introduced and removed 
from a substrate, while also being stable against oxidation and hydrolysis. 
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 page 15!
 
Such features as listed above are found in the ortho-diphenylphosphinobenzoate (o-
DPPB) group.  Breit predicts that the attachment of this group to an !-substituted 
methyallylic alcohol via an ester linkage would induce an energetically preferred, 
well-defined conformation resulting from minimization of A1,2 strain (Figure 1.11). 
 
Figure 1.11.  Proposed conformation of o-DPPB methallylic esters and hypothetical rhodium binding. 
 
 
 
The phosphorous atom being in the ortho position would allow for both it and the 
olefin to bind the same catalytically active metal center, as proposed in structure 1.41.  
This would allow for the stereochemistry-defining hydrometallation step to proceed 
through a cyclic transition state, which is desired for its high level of order and 
consequent high selectivity. 
 
After preliminary experimentation, the optimized catalyst system for the 
hydroformylation of o-DPPB functionalized methallylic alcohols (Figure 1.12) 
employed by Breit consisted of Rh(CO)2(acac)/P(OPh)3 (1:4) used with a rhodium 
loading of 0.7 mol%.  The necessary inclusion of triphenyl phosphite was rationalized 
O
O
PPh2H
R
O
O
PPh2H
R
Rh
CO
H
L
"Rh"
1.40 1.41
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on the basis that it has been shown that two P-donor ligands are coordinated to 
rhodium within the catalytically active species.15  Experimentally, Breit found that 
with no added phosphorous ligand, conversion was low (35%) after 24 h and 
diastereoselectivity was moderate (81:19 dr).  Addition of triphenylphosphine 
afforded quantitative conversion and increased diastereoselectivity (88:12 dr), but the 
best result was with the addition of triphenylphosphite, which resulted in quantitative 
conversion and the highest observed diastereoselectivity (92:8 dr).   
 
Figure 1.12.  o-DPPB directed diastereoselective hydroformylation of methallylic alcohols. 
 
 
 
It was found that varying the !-substituent impacted the levels of diastereocontrol.  
The highest diastereoselectivities were obtained with branched substituents at the !-
position, with R = i-Pr giving the highest selectivity (96:4), and the less sterically 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
15 Brown, J. M.; Kent, A. G. J. Chem. Soc., Perkin Trans. 2, 1987, 1597-1607. 
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demanding R = Et giving the lowest selectivity (73:27).  This is in good agreement 
with the A1,2 strain minimization model. 
 
To examine the role of the phosphine group as a catalyst directing functionality, 
compound 1.45 was prepared, which possesses the same structural arrangement as the 
o-DPPB protected alcohol, but has the phosphorous atom replaced by a CH group 
(Figure 1.13).  Both compounds should exert similar steric demands on the reaction, 
but 1.45 does not have the ability to coordinate temporarily to the catalytically active 
metal center.  Therefore, if only steric factors are responsible for the observed 
diastereoselectivity, then the two compounds should produce similar product 
distributions.  Subjection of 1.45 to the optimized hydroformylation conditions 
afforded a 1:1 mixture of syn- and anti- compounds, lending further evidence to the 
role of the o-DPPB group in determining selectivity in the reaction.  Also noteworthy 
was the observation that the reaction with the phosphine-containing directing group 
was 15 times faster than the reaction with 1.45, which Breit notes to be a similar rate 
enhancement as that seen in Winstein’s 1961 hydroxy-directed Simmons-Smith 
reaction.%b  
 
 
 
 
 
 
 page 18!
Figure 1.13.  Phosphorous atom replaced by CH spacer to probe the importance of metal ligation in o-
DPPB directed hydroformylation. 
 
 
In 1997, Breit showed that the o-DPPB system can be extended to homomethallylic 
alcohols16 and allows for high 1,3-asymmetric induction, allowing access to acyclic 
structural fragments with hydroxy and methyl substituted stereocenters in a 1,3- 
relationship (See structure 1.49, Figure 1.14).   
 
Figure 1.14. o-DPPB directed diastereoselective hydroformylation of homomethallylic alcohols. 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#&!(a) Breit, B. Chem. Comm. 1997, 591-592. (b) Breit, B. Eur. J. Org. Chem. 1998, 1998, 1123-1134.!
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In contrast to the methallylic substrates, the diastereoselectivity in the 
homomethallylic compounds appears to be independent of !-substitution, with all of 
the substrates tested giving approximately 90:10 diastereoselectivity.  In order to 
probe this effect, analysis of the preferred conformation of the homomethallylic o-
DPPB esters in solution was performed, and 1H NMR coupling constants as well as 
NOE data suggest a conformation as depicted in Figure 1.15.  The driving force for 
the observed conformation is presumed to be due to the avoidance of a repulsive syn-
pentane like interaction between the oxygen substituent and the methyl substituent at 
the olefin (See compound 1.52, Figure 1.15).  In order to probe this hypothesis 
compound 1.53 was prepared, which should further destabilize the minor conformer 
by increasing A1,3 strain.  Hydroformylation of this compound proceedes with higher 
diastereoselectivity than the parent compound (96:4 dr compared to 91:9 dr), as was 
predicted. 
 
Figure 1.15.  Solution studies on the conformation of o-DPPB homomethallylic alcohols. 
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Figure 1.16. Additional A1,3 strain introduced in substrate to effect solution conformation. 
 
 
 
As Breit showed previously, the minimization of A1,2 strain in !-substituted 
methallylic alcohols allows for the control of relative stereochemistry, resulting in 
1,2-anti- configured products.  This showed that the stereochemical information 
residing in the substrate is efficiently transmitted via an ordered, cyclic transition 
state in the selectivity determining hydrometalation step.  However, if prochiral 
substrates are to be employed, then the stereochemical information must be part of the 
catalyst directing group, not the substrate.  Breit reports that the use of the planar-
chiral ortho-(diphenylphosphanyl)ferrocenylcarbonyl (o-DPPF) group is effective at 
transmitting chirality information and allows access to enantiopure hydroformylation 
products with a 1,2 relationship between hydroxy and alkyl substituents.17   
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#'!Breit, B.; Breuninger, D. Eur. J. Org. Chem. 2005, 2005, 3916-3929.!
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Figure 1.17. Desymmetrization of dialkenylcarbinols with o-DPPF. 
 
 
 
The key to the success of this chemistry is the efficient discrimination between 
diastereotopic alkenes groups simultaneously with the discrimination between 
diastereotopic alkene faces.   
 
Breit shows that hydroformylation of the o-DPPF esters 1.55 results in production of 
only two of the four possible products, syn-1.56 and anti-1.57, with the syn- product 
being formed with high selectivity. 
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Figure 1.18.  Conformational analysis of o-DPPF dialkenylcarbinols. 
 
 
 
The observed selectivity can be rationalized through an analysis of the four 
conformers A-D (Figure 1.18).  Alkene diastereoface selection is determined based 
on the substrate minimizing either A1,2 strain (conformer A) or A1,3 strain (conformer 
B).  The A1,2 strain minimized structure is the more stable conformer18 and leads to 
the observed syn-diastereoselectivity.  As is expected from this model, increasing 
steric demand at the R substituent leads to an increase in observed 
diastereoselectivity.  Alkene diasterogroup selectivity is nearly perfect, due to the 
severe steric repulsion that occurs between the rhodium center and the ferrocene 
nucleus as shown in conformers C and D, and the products syn-1.58 and anti-1.59 
that would arise from these conformations are not observed experimentally. 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
18 For a full discussion of the origin of the observed 1,2-asymmetric induction, see: Breit, B; 
Heckmann, G.; Zahn, S. K. Chem. Eur. J., 2003, 9, 425-434. 
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Concurrent with his report on desymmetrization of dialkyenylcarbinols, Breit also 
reported the successful desymmetrizing hydroformylation of diallylcarbinols with the 
aid of the planar-chiral o-DPPF catalyst-directing group.19  Similar to his work with 
homomethallylic alcohols, it was shown that the diastereotopic face discrimination of 
these substrates is almost independent of the R substituent at the alkene (see Figure 
1.19), which can be seen by the low variation in dr when changing the substituent R.  
Also, as was shown in the desymmetrization of dialkenylcarbinols, the use of the o-
DPPF directing group allows for perfect alkene group diastereoselectivity, as is 
demonstrated by the absence of products ent-1.65. 
 
Figure 1.19.  Desymmetrizing hydroformylation of diallylcarbinols. 
 
 
 
Breit’s earlier work with the diastereoselective hydroformylation of methallylic 
alcohols showed the successful syn-selective formation of 1,2-stereocenters (Figure 
1.12).  However, Breit notes, to become a synthetically flexible method, it would be 
desirable to be able to access the analogous anti-products as well.  To that end, in 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#(!(a)Breit, B.; Breuninger, D. J. Am. Chem. Soc. 2004, 126, 10244-10245. (b) Breit, B.; Breuninger, 
D. Eur. J. Org. Chem. 2005, 2005, 3930-3941.!
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2004 Breit reported the regio- and stereoselective hydroformylation of mono- and 
1,2-disubstituted allylic alcohols using the o-DPPB directing group.20  In Breit’s 
previous work on hydroformylation his substrates had been 1,1-disubstituted olefins 
and the directing groups had been used only to control diastereoselectivity, with none 
of the constitutional isomer with a quaternary center being formed.  With mono- and 
1,2-disubstituted substrates it becomes necessary to simultaneously control both the 
regio- as well as diastereoselectivity of the reaction.   
 
Figure 1.20.  Regio- and diastereoselective hydroformylation of mono- and disubstituted allylic 
alcohols. 
 
 
 
The hydroformylation of substrate 1.66 (R = Bn) was performed with 1.8 mol% 
Rh(acac)(CO)2 / 1.67 P(Ph)3 and proceeded in 90% conversion after 44 h with 90:10 
rs and 98:2 dr with less than 2% of the elimination product being detected.  Efforts to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
20 (a)Breit, B.; Demel, P.; Gebert, A. Chem. Comm. 2004, 114-115. See also: (b) Breit, B.; Grunanger, 
C. U.; Abillard, O. Eur. J. Org. Chem. 2007, 2007, 2497-2503. 
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reduce reaction time by increasing the temperature to 40 # led to a diminished 
diastereoselectivity (90:10) as well as increasing the formation of 1.69 (10%). 
 
With optimized conditions in hand, the effect of the substituent at the controlling 
stereogenic center was studied, with primary alkyl substituents yielding excellent 
diastereoselectivities and regioselectivities above 90:10 (Figure 1.20).  Reduced 
diastereoselectivities were seen for secondary alkyl substituents; however, 
regioselectivity was increased.  Switching to the Z-olefin (R=Bn), a surprising drop in 
reactivity (40% conversion), regioselectivity (61:39 rr), and diastereoselectivity 
(58:42 dr) was observed.  Furthermore, the elimination product formed in 
significantly larger quantities (39% of hydroformylation products underwent 
elimination).   
 
Breit also studied the directing ability of the o-DPPB group in the regio- and 
diastereoselective hydroformylation of terminal olefins.  This is a challenging 
substrate class, as the inherent selectivity is for the production of the linear aldehyde 
isomer.  With R=Me in the controlling stereogenic center, the reaction went to 
complete conversion with high diastereoselectivity (91:9 dr), although the reaction 
showed low regioselectivity (64:36 rr).  With branched alkyl substitution (R=i-Pr), 
however, the reaction proceeds in 90% conversion with good regioselectivity (86:14 
rr) and high diastereoselectivity (95:5 dr). 
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1.4 Catalytic Directing Groups 
One of the biggest drawbacks to using a directing group is the inherent inefficiency of 
the process.  The installation and removal of the directing functionality adds steps to a 
synthesis and generates a stoichiometric byproduct, which is often phosphorous based 
in the case of hydroformylation reactions.  An attractive strategy to circumvent this 
problem is the design of systems where the directing functionality is employed in 
catalytic amounts. 
 
Ortho Functionalization of Phenols 
In 1985 Lewis reported the ruthenium catalyzed ortho-deuteration of phenols, 
employing a transesterification reaction between triphenylphosphite and phenol.21  
Although the ortho-deuteration process was reported in 1969,22 Lewis found that in 
order to reproduce the results, the addition of KOPh was needed to facilitate the 
transesterification process necessary to render the system catalytic. 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
21 For the ortho-deuteration of phenols see: a) Lewis, L.N. Inorg. Chem. 1985, 24, 4433.  For C-C 
bond formation via Ortho-Metalated Complexes, see: b) Lewis, L.N.; Smith, J.F. J. Am. Chem. Soc. 
1986, 108, 2728-2735. 
22 Parshall, G. W.; Knoth, W. H.; Schunn, R. A. J. Am. Chem. Soc. 1969, 91, 4990-4995. 
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Figure 1.21.  Lewis’ ortho-deuteration of phenol. 
 
 
 
 
Figure 1.22. Catalytic deuteration of phenol. 
 
 
 
 
Subsequently, Lewis and Smith reported that 1.71 also catalyzes the coupling of 
phenol to alkenes such as ethylene and propene to form the ortho alkylated 
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products.%# More recently Cole-Hamilton and co-workers have reported a Rh(I) 
complex for the coupling of ethylene to phenol (Figure 1.23, eq. 1), as well as shown 
a modest turnover with aniline.23  Bergman and Ellman have also shown the 
intramolecular coupling of phenol to an olefin to form bicycle 1.106 (Figure 1.23, eq. 
2).24 
 
Figure 1.23. Phosphonite directed C-H/olefin coupling. 
 
 
 Work by Bedford 
Inspired by the work of Lewis, the Bedford group set out to see whether they could 
use an exchange reaction based on the phosphinite/phenol system in order to effect 
the C-H activation and subsequent ortho-arylation of phenols.  They found that in the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
%"!Carrion, M. C.; Cole-Hamilton, D. J. Chem. Comm., 2006, 43, 4527-4529.!
%$!Lewis, J. C.; Wu, J.; Bergman, R. G.; Ellman, J. A. Organometallics, 2005, 24, 5737-5746.!
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presence of base, an aryl dialkylphosphinite (compound 1.80, R = i-Pr, R1 = t-Bu, R2 
= H) would undergo transesterification with phenols.25   
Figure 1.24.  Bedford’s ortho-arylation of phenols. 
 
 
 
To keep product analysis simple, the starting phosphinite bears the same aryl 
substituents as the substrate phenol.  The reaction starts with the oxidative addition of 
an aryl halide to Wilkinson’s Catalyst.  The phosphinite is then orthometallated and 
reductive elimination furnishes the ortho-arylated intermediate 1.79. Dissociation of 
the metal catalyst and transesterification with a new molecule of substrate completes 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
25 Bedford, R. B.; Limmert, M. E. J. Org. Chem. 2003, 68, 8669-8682. 
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the catalytic cycle and releases the ortho-arylated phenol.  This method allows for the 
use of a catalytic quantity of the phosphorous directing group, and eliminates the need 
for installation and removal of the directing group in separate steps.  In this way the 
benefit of a directing group is had without the associated synthetic steps or the 
generation of a stoichiometric phosphorous byproduct. 
 
Work by Cole-Hamilton 
In 1986 the Cole-Hamilton group reported the catalytic hydrogenation of !, "-
unsaturated carboxylic acids, employing a base-catalyzed transesterification process 
between diphenylphosphinous acids and carboxylic acids.26  They found that the 
rhodium complex [RhCl(PPh3)2(Ph2PO2CH=CMe2)] was significantly more active in 
the hydrogenation of acrylic acids than was RhCl(PPh3)3, presumably due to the 
accelerating effect of having the double bond of the carboxylic acid being bound to 
the metal as a chelate with the ligand.  
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
%&!(a) Preston, S. A.; Cupertino, D. C.; Palma-Ramirez, P.; Cole-Hamilton, D. J. J. Chem. Soc., Chem. 
Comm. 1986, 977-978. (b) Iraqi, A.; Fairfax, N. R.; Preston, S. A.; Cupertino, D. C.; Irvine, D. J.; 
Cole-Hamilton, D. J. J. Chem. Soc. Dalton Trans. 1991, 1929-1935.!
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Figure 1.25. Cole-Hamilton’s hydrogenation. 
 
 
 
The Cole-Hamilton group also showed that it was possible to perform a regioselective 
hydrogenation of the C-2-double bond in hexa-2,4-dienoic acid to produce hex-4-
enoic acid.  This finding supports the chelate model, where the metal is bound to both 
the phosphorous atom and the C-2 double bond during the reaction. 
 
Work by Suggs and Jun 
In hydroacylation, the insertion of a metal into the aldehydic carbon-hydrogen bond 
leads to an acylmetal intermediate that is prone to decarbonylation, leading to a 
catalytically inactive metal carbonyl species.  Cationic rhodium complexes have been 
effective in intramolecular hydroacylation reactions,27 but these systems have not 
been effective in the intermolecular coupling of aldehydes and olefins.  The Suggs 
group28 and others29 have found that introduction of an additional binding element in 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
27 (a) Fairlie, D. P.; Bosnich, B. Organometallics 1988, 7, 936-945. (b) Fairlie, D. P.; Bosnich, B. 
Organometallics 1988, 7, 946-954. (c) Barnhart, R. W.; McMorran, D. A.; Bosnich, B. Inorg. Chim. 
Acta., 1997, 263, 1-7. 
28 Suggs, J. W. J. Am. Chem. Soc. 1978, 100, 640-641. 
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the substrate can help decrease the prevalence of decarbonylation (Figure 1.25, eq 1).  
This strategy, however, limits the substrate scope of the reaction.  Another approach 
that the Suggs group has found to be successful in circumventing decarbonylation has 
been through the preformation of pyridyl imines of the substrate aldehydes (Figure 
1.25 eq 2).  An advantage of this strategy is that the ketone product can be unmasked 
through simple hydrolysis of the imine once the hydroacylation reaction has been run. 
 
 
 
 
 
 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
29 (a) Rauchfuss, T. B. J. Am. Chem. Soc. 1979, 101, 1045-1047. (b) Landvatter, E. F.; Rauchfuss, T. 
B. Organometallics 1982, 1, 506-513. (c) Willis, M. C. Chem. Rev. 2010, 110, 725-748. (d) Willis, M. 
C.; McNally, S. J.; Beswick, P. J. Angew. Chem., Int. Ed. 2004, 43, 340-343. (e) Coulter, M. M.; Kou, 
K. G.; Galligan, B.; Dong, V. M. J. Am. Chem. Soc. 2010, 132, 16330-16333. (f) Kokobu, K.; 
Matsumasa, K.; Nishinaka, Y.; Miura, M. Bull. Chem. Soc. Jpn. 1999, 72, 303-311. (g) Tanaka, M.; 
Imai, M.; Yamamoto, Y.; Tanaka, K.; Shimowatari, M.; Nagumo, S.; Kawahara, N.; Suemune, H. Org. 
Lett. 2003, 5, 1365-1367. (h) Imai, M.; Tanaka, M.; Tanaka, K.; Yamamoto, Y.; Imai-Ogata, N.; 
Shimowatari, M.; Nagumo, S.; Kawahara, N.; Suemune, H. J. Org. Chem. 2004, 69, 1144-1150. (h) 
Shibata, Y.; Tanaka, K. J. Am. Chem. Soc. 2009, 131, 12552-12553. 
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Figure 1.26. Additional substrate-metal binding element and formation of pyridyl imines to suppress 
decarbonylation in hydroacylation. 
 
 
 
 
In 1997 Jun reported that hydroacylation could be achieved without seeing 
decarbonylation by employing the reversible formation of imines in-situ from 
substrate aldehydes and catalytic quantities of 2-amino-3-picoline.  In 2000, Jun 
reported that the addition of benzoic acid and aniline to the system allowed for facile 
formation of aryl imines and promoted the rapid transimination of 2-amino-3-picoline 
onto the aldehyde substrate.   
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Work by Breit 
At the same time as our group was developing catalytic scaffolding ligands for use in 
hydroformylation, the Breit group was also investigating methods for using catalytic 
amounts of phosphorous directing groups for the regio- and diastereoselective 
hydroformylation of homoallylic alcohols.30  Similar to the Lewis system, Breit’s 
chemistry uses a transesterificaiton reaction of phosphinites.  Importantly, Breit has 
shown that aliphatic alcohols, not just phenol, can exchange onto the phosphorous 
ligand by using molecular sieves instead of base.  Breit demonstrates that Ph2POMe 
will readily exchange with homoallylic alcohols in the presence of molecular sieves, 
serving as a ligand for the directed hydroformylation.  Breit’s chemistry benefits from 
having a short distance between the olefin and the phosphorous atom, where the 
desired product is formed through the selective production of a six- versus a seven-
membered metallocycle.   
 
 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
30 Breit, B.; Grunanger, C. U. Angew. Chem. Int. Ed. 2008, 47, 7346-7349. 
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Figure 1.27.  Breit’s phosphinite transesterification strategy in directed hydroformylation. 
 
 
 
Using 10 mol% of Ph2POMe under hydroformylation conditions, excellent 
regioselectivities are obtained for a variety of 1,2-disubstituted homoallylic 
substrates, as well as for homoallyl alcohol (Figure 1.27).  To probe the role of the 
catalytic directing group, the methyl ether of 1.97 was prepared and subjected to the 
hydroformylation conditions.  The result was very low conversion and identical 
regioselectivity (53:47 rr) to that found in a reaction using PPh3 in place of the 
phosphinite directing group.  This highlights both the role of the phosphinite in 
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directing the reaction, as well as the rate increase caused by effecting an 
intramolecular reaction through transient ligand binding to the substrate.   
 
Figure 1.28.  Branched-regioselective hydroformylation of homoallylic alcohols with catalytic 
amounts of a reversibly bound directing group. 
 
 
 
The short tether length between the phosphorous ligand and the olefin in Breit’s 
phosphinite system also allows for the selective discrimination between seven- and 
eight-membered metallocycles, as he demonstrated with the branched-selective 
hydroformylation of bishomoallyic alcohols.31  Investigation of diastereocontrol with 
this substrate class was carried out as well, and Breit found that substitution in the 1- 
or 2-position of the bishomoallylic alcohol was insufficient to induce high selectivity.  
However, with substitution adjacent to the alkene functionality, high levels of 
diastereocontrol were possible (Figure 1.28). 
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31 Grunanger, C. U.; Breit, B. Angew. Chem. Int. Ed. 2010, 49, 967-970. 
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Figure 1.29.  Regio- and diastereoselective hydroformylation of bishomoallylic alcohols 
 
 
 
The Breit group has also applied their phosphinite ligand system to the 
hydroformylation of 2,5-cyclohexadienyl-1-carbinols.32  In comparison to their 
previous work with simple homoallylic alcohols, these substrates required harsher 
conditions (higher catalyst loading, higher pressure, and higher temperature).  
However, they were able to show that the reaction produces single diastereomers, 
consistent with a syn-hydrorhodation, and delivers products with a carbon quaternary 
center, as well as a double bond that can be functionalized at a later stage.  They 
demonstrate that alkyl substitution at the quaternary center is tolerated, except in the 
case of the more sterically demanding iPr group.  Notably, they report that a substrate 
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with three olefins provides the desired product without reaction at the other alkene 
functionalities, highlighting the power of using a directing group to selectively 
functionalize the desired olefin (Figure 1.30, R = CH2CH=CMe2). 
 
Figure 1.30. Diastereoselective hydroformylation of 2,5-cyclohexadienyl-1-carbinols with catalytic 
amounts of a reversibly bound directing group. 
 
 
 
 
1.5 Conclusions 
Substrate directed chemical reactions are a powerful means for controlling selectivity 
in chemical transformations.  However, molecules often lack an appropriate directing 
functionality, and much work has been done to develop directing groups that may be 
installed in a molecule to control selectivity.  Additionally, directing groups are 
inherently inefficient, as they must be installed and removed from the molecule of 
interest, and generate a stoichiometric byproduct.  Therefore, efforts have been made 
to design systems that require only catalytic quantities of a directing functionality to 
effect a selective reaction.  Most of these strategies involve an exchange reaction 
whereby a substrate can be reversibly incorporated into a molecule that can effect the 
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directed reaction, and which a subsequent exchange event can allow a new molecule 
of substrate to bind to the directing molecule.  This strategy has been successful 
across a range of reactions, notably in the area of C-H functionalization, and more 
recently, in the area of hydroformylation. 
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Chapter 2.  Development of Scaffolding Ligands 
 
2.1 Introduction 
Inspired by the work in C-H functionalization,33 our group has designed a ligand for 
use in hydroformylation that simultaneously and reversibly binds alcohol substrates, 
as well as a metal catalyst.  We have termed these compounds as scaffolding ligands 
due to their functional similarity to scaffolding proteins,34 which are a class of 
proteins whose major role is to localize multiple proteins in a functional cluster.  An 
important function of our scaffolding ligand is to bring together the substrate and 
catalyst. This strategy takes advantage of the concept of induced intramolecularity.  A 
bimolecular reaction, such as when a substrate and catalyst come together, results in a 
loss of degrees of freedom, and is therefore entropically disfavored.  By preorginizing 
the components via a scaffolding ligand, the entropic cost is prepaid and that energy 
can then be used to accelerate the reaction.35  Additionally, our scaffolding ligand has 
been designed with an appropriate distance between the phosphorous atom and the 
olefin substrate when bound such that cyclometallation with a rhodium catalyst takes 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
""!For examples of catalytic directing groups in C-H functionalization  reactions, see: (a) Lewis, L. 
N.; Smith, J. F. J. Am. Chem. Soc. 1986, 108, 2728. (b) Park, Y. J.; Park, J. W.; Jun, C. H. Acc Chem 
Res. 2008, 41, 222. (c) Jun, C.; Moon, C.; Lee, D. Chem-Eur. J. 2002, 8, 2423. (d) Bedford, R.B.; 
Betham, M.; Caffyn, A.; Charmant, J.; Lewis-Alleyne, L.; Long, P.; Polo-Ceron, D.; Prashar, S. Chem. 
Comm. 2008, 2008, 990. (e) Bedford, R.; Limmert, M. J. Org. Chem. 2003, 68, 8669. (f) Lewis, J.; 
Wu., J; Bergman, R.; Ellman, J. Organometallics 2005, 24, 5737.!
"$!(a) Sheng, M.; Sala, C. Annu. Rev. Neurosci. 2001, 24, 1-29. (b) Bhattacharyya, R. P.; Remenyi, A.; 
Yeh, B. J.; Lim, W. A. Annu. Rev. Biochem. 2006, 75, 655-680. (c) Mishra, P.; Socolich, M.; Wall, M. 
A.; Graves, J.; Wang, Z.; Ranganathan, R. Cell 2007, 131, 80-92.!
")!Pascal, R. Euro. J. Org. Chem. 2003, vol, 1813-1824.!
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place in a selective fashion, leading to the formation of branched aldehyde products in 
the hydroformylation reaction. 
 
Figure 2.1. Envisioned catalytic cycle of a scaffolding ligand. 
 
 
 
We envision the mode of action of our scaffolding ligand as is depicted in Figure 2.1.  
The ligand has two binding domains, one for the substrate and one for the catalyst.  
The ligand is able to form a reversible covalent bond with a molecule of substrate 
through one binding point, and binds a metal through a second point.  Once the ligand 
has bound both substrate and catalyst, the system can undergo a directed reaction to 
produce ligand-bound product.  Completion of the catalytic cycle occurs when an 
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exchange event releases the product and the ligand binds another molecule of 
substrate.  Having the ligand co-locate substrate and catalyst will transform an 
intermolecular reaction into an intramolecular one.  This increases reactivity and 
offers the opportunity to improve selectivity through formation of a rigid 
metallocycle.  Moreover, the scaffolding ligand can be employed in catalytic 
quantities, thus obviating the need to pre-install a stoichiometric directing group prior 
to hydroformylation.  This strategy avoids the production of stoichiometic byproducts 
generated through removal of a directing functionality. 
 
 
2.2 Substrate Choice and DMF-Acetal Investigation 
 
We began our investigation into scaffolding ligand design by choosing the hydroxyl 
group as a handle for substrate binding.  The hydroxyl group is a common organic 
functionality that can be used as an exchangeable group and can be manipulated in 
further chemical transformations if desired. 
 
In order to employ our scaffolding ligand in a catalytic quantity it was necessary to 
find a reaction that would offer a convenient way to reversibly bind alcohol-based 
substrates.  Alcohols are known to react with aldehydes and ketones to form acetals in 
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a reversible manner.36  However, acetal formation is enthalpically disfavored and 
often requires a dehydrating reagent for the equilibrium to favor acetal formation.  A 
related transformation that we thought might prove useful involves the exchange of 
alcohol functionalities onto a preformed acetal.  In this way, the reaction would be 
closer to thermoneutral, and might proceed under mild conditions.  We chose to 
investigate the exchange reaction of N,N-dimethylformamide dimethylacetal 
[DMF(OMe)2], as this is a readily available compound with which alcohols should 
exchange, and it possesses a nitrogen atom that may serve as a ligand for a metal.  We 
anticipated that an acid catalyst would facilitate exchange through the formation of an 
imidate. 
 
Figure 2.2. Exchange of allyl alcohol with DMF(OMe)2. 
 
 
 
Compound 2.2 2.3 2.4 
Ratio 42 46 12 
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We were pleased to see that treatment of DMF(OMe)2 with allyl alcohol (4 equiv.) 
and catalytic PPTS led to a rapid equilibration that produced a mixture of acetal 
species, including both the mono- and bis-exchanged compounds 2.3 and 2.4.  In this 
case, the exchange is presumably facilitated by the donation of the NLP into the C-O 
$* orbital, thus weakening the C-O bond or breaking it completely to form an 
imidate, which can be trapped by a new molecule of alcohol. 
 
This result was encouraging as it demonstrated that the N-O acetal functionality 
allowed for facile exchange of alcohol substrates under mild conditions.  The rapid 
equilibration of substrate with a scaffolding ligand is a requirement for the successful 
application to  directed hydroformylation, as it is necessary for the exchange reaction 
to occur on a faster time scale than the undirected hydroformylation reaction. 
 
Unfortunately, two potential drawbacks arise when applying this compound as a 
ligand in hydroformylation.  Firstly, nitrogen-based ligands have not been shown to 
be effective in rhodium-catalyzed hydroformylation.$ Additionally, the product 
distribution in the DMF(OMe)2 exchange reaction contains two substrate-bound 
species, the mono- and bis-exchanged compounds 2.3 and 2.4, which could lead to 
complications when attempting to create a well-defined reactive species. 
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Figure 2.3. Hydroformylation of DMF-acetals. 
 
 
 
Knowing that the exchange reaction proceeded on a reasonable timescale, we were 
interested in determining if the nitrogen atom of the DMF-acetal functionality was a 
suitable directing functionality in the hydroformylation reaction. We prepared 
compound 2.5 from DMF(OMe)2 and an allylic alcohol substrate in order to test if an 
amine was a suitable directing group without the complication of exchange.  Having 
eliminated the exchange reaction, compound 2.5 should provide the upper limit on 
selectivity in the reaction.  
 
Subjection of compound 2.5 to hydroformylation conditions, followed by treatment 
with aqueous citric acid to liberate any product still bound to the DMF moiety, led to 
isomerization and tautomerization of the olefin rather than the production of 
hydroformylation products (Figure 2.3, eq. 1).  Addition of PPh3 as a co-ligand in the 
reaction of 2.5 gave a complex mixture of products in the 1H NMR, including 
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compounds 2.7 and 2.8, as well as other unidentified aldehydic resonances (Figure 
2.3, eq. 2).37  This result was indicative of an unselective reaction, at best.  From these 
studies, it was clear that the development of a new class of ligands would be 
necessary for the effective branch-selective hydroformylation of olefins.  
 
2.3 Azaphosphole Scaffolding Ligands 
 
Having learned that the rapid equilibration of alcohols with N,O acetals is possible, 
we hoped to apply that knowledge to a new class of ligands that would be more suited 
to use in the hydroformylation reaction.  One specific feature we were interested in 
exploring was the incorporation of a phosphorous atom into our ligand design, as 
phosphorous-based ligands have proven to be effective in rhodium catalyzed 
hydroformylation.$,Error! Bookmark not defined. With that in mind, we set out to 
develop a ligand that would incorporate the acetal exchange reaction that allows for 
the reversible binding of a molecule of an alcohol substrate, while also including a 
phosphorous atom that would be a suitable ligand for rhodium in the 
hydroformylation reaction.   
 
With those two structural features in mind, we designed the azaphosphole structure 
shown in Figure 2.4 as a target molecule for synthesis.  We expected the N-O acetal 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"'!Subsequent to these studies, we found that "-hydroxy aldehydes are prone to dimerization (see Ch. 
4), which may have further complicated the analysis of these reaction mixtures.!
!
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moiety to function as it did with the DMF acetals, allowing for facile exchange with 
alcohol-based substrates.  The neighboring phosphorous atom would serve to bind a 
metal catalyst, which would both activate the metal for hydroformylation38 as well as 
bring the metal catalyst into close proximity with the substrate.   
 
There was precedent for forming ortho-diphenylphosphino-N-methylaniline 2.10,39 
and we surmised that cleavage of a phenyl ring from phosphorous would give us 
access to secondary phosphine 2.9.  We anticipated that we could access L1 through 
condensation of the secondary phosphine with trimethylorthoformate. (Figure 2.4). 
 
Fig 2.4. Azaphosphole ligand target molecule and proposed retrosynthesis. 
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Calculations on Ligand Geometry 
 
Before attempting a synthesis of L1, we were interested in learning more about the 
structural features of the molecule through computational studies.  Specifically, we 
were interested in determining if the anti-diastereomer of L1 (as drawn) was the 
thermodynamically favored structure.  This was an important design requirement, as 
the phosphorous lone pair, when bound to a metal, should be situated on the same 
side of the ligand as the substrate in order to form a chelated intermediate that would 
lead to a directed reaction.  We expected that the steric repulsion between the carbon-
oxygen bond and the phenyl substituent on phosphorous would favor the anti-
diastereomer. 
 
We performed DFT calculations40 and were pleased to see that the calculations 
predicted that the anti-diastereomer of L1 was 2 kcal/mol more stable than the syn-
diastereomer, which would correspond to a 97:3 mixture of diastereomers at room 
temperature in favor of the anti-diastereomer. 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Fig 2.5. DFT calculations on ligand geometry. 
 
 
 
 
2.4 Scaffolding Ligand Synthesis 
 
From the computational studies of structure L1, we were confidant that when 
synthesized, L1 would exist as the anti-diastereomer we desired for use in the 
hydroformylation reaction.  We therefore set out to reduce the idea to practice. 
 
N-methylaniline was deprotonated with n-BuLi and the anion trapped with CO2 to 
form an intermediate lithium carbamate.  Careful optimization of this procedure 
revealed the sensitivity of the reaction to changes in internal temperature.  It was 
found that the initial deprotonation of the aniline is mildly exothermic, and slow 
Spartan Molecular Modeling Program was used to determine equilibrium geometries and energies.
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addition of n-BuLi while maintaining an internal temperature below -70 # was 
necessary to achieve good yields.  It was also found that the complete removal of 
solvent under high vacuum after formation of the lithium carbamate was necessary.  
Re-dissolution and ortho-lithiation with t-BuLi at low temperature was followed by 
addition of chlorodiphenylphosphine to trap the anion.  Acidic workup of the reaction 
liberates CO2 and affords crude 2.12.  Crystallization from a mixture of ethanol and 
THF yields 2.12 as a white solid (Figure 2.6). 
 
Fig 2.6. Synthesis of Scaffolding Ligands L1, L2, and L3 
 
 
 
Treatment of 2.12 with metallic lithium in THF under an argon atmosphere resulted 
in cleavage of a phenyl ring and formation of the lithium phosphide.  Subsequent 
aqueuous work up with deionized, argon-sparged water afforded the air sensitive 
secondary phosphine, which was readily purified via distillation.  Compound 2.13 
was cyclized to ligand L1 using argon-sparged trimethylorthoformate and catalytic p-
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TsOH.  The reaction mixture was concentrated and brought into a dry box where the 
residue was extracted with pentane. 
 
Much to our disappointment, attempts to crystallize the crude extract were 
unsuccessful.  Equally disappointing was the realization that distillation under normal 
high vacuum (~0.25 mmHg) would only result in decomposition of the compound.  
Fortunately, it was discovered that bulb-to-bulb Kugelrohr distillation was possible 
using a superior vacuum pump and manifold (150 # @ 0.050 mmHg).  More 
exciting, perhaps, was the discovery that the compound would crystallize out of 
pentane at -35 #.  It is noteworthy that L1 exists as a 97:3 mixture of anti- and syn-
diastereomers as judged by 1H NMR, which is in excellent agreement with the 
computational studies we had performed prior to the synthesis. 
 
Treatment of L1 with i-PrOH or t-BuOH in benzene under acid catalyzed exchange 
conditions furnished ligands L2 and L3, respectively, which could both be distilled to 
purity.  This procedure, however, required the repetitive removal of solvent and 
liberated methanol followed by redissolution and addition of more alcohol to drive 
the unfavorable equilibrium towards the desired compound.  A convenient method to 
circumvent this problem was found with the use of 4 % molecular sieves, which 
catalyzed the exchange as well as absorbed the liberated methanol, thus reducing the 
need to evaporate the reaction to drive the equilibrium.  Where a typical procedure to 
convert L1 into L2 under acidic conditions might require four or more cycles of 
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evaporation, the use of molecular sieves reduced this number to two cycles, where it 
was necessary only to filter off the sieves, rinse them with benzene, and add fresh 
sieves to the solution.  
 
Secondary phosphine 2.13 could also be treated with triisopropylorthoformate instead 
of trimethylorthorformate to access ligand L2 directly in 73% yield after distillation 
and crystallization, which is a much more convenient route to L2.  Consistent with 
the hypothesis that steric repulsion between the substituent on oxygen and the phenyl 
ring drives the formation of the anti-diastereomer of the ligand, it was found that the 
more sterically encumbered L2 exists as a single diastereomer as judged by 1H and 
31P NMR. 
 
In order to prove the relative stereochemistry of L2, crystals suitable for X-ray 
diffraction analysis were grown out of a pentane solution at -35 #.  As expected, L2 
was found to exist as the anti-diasteromer (Figure 2.7). 
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Figure 2.7. X-ray crystal structure of L2 (CCDC # 701387). 
 
 
 
2.5 Exchange of L1 with Alcohols 
 
In the synthesis of L2 and L3 from L1 we found that it was disfavorable to exchange 
a more hindered alcohol onto the ligand.  We were interested in studying this 
exchange reaction in more detail, as it is crucial for our scaffolding ligand to be able 
to exchange rapidly with substrate in the hydroformylation reaction in order for all of 
the substrate to pass through a directed pathway.   
 
To examine the rate of exchange and learn how the steric encumberance of the 
alcohol affects the equilibrium, NMR studies were conducted with primary, 
secondary, and tertiary alcohols.  Three experiments were run in which L1 was 
dissolved in C6D6 and treated with n-butanol, isopropanol, or tert-butanol at 45 #, 
and the reaction was monitored by 1H and 31P NMR spectroscopy.  In the course of 
studying these reactions, it was quickly found that the addition of catalytic quantities 
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of acid was necessary to facilitate exchange.  It was found that 0.1% p-TsOH was 
sufficient to catalyze the exchange reaction without having a detrimental effect on the 
reaction.  At loadings of more than 1% anhydrous p-TsOH, ligand decomposition 
became a significant problem.41 
 
In the exchange reactions, it was found that the Keq depends largely on the sterics of 
the alcohol substrate, with n-butanol having a similar affinity for the ligand as 
methanol.  Isopropanol showed a 10 fold decrease in binding affinity compared to 
methanol, and tert-butanol was 600 times less favorable than methanol for ligand 
binding (Figure 2.8). 
 
These data suggest that L3 would be the most suitable ligand structure for use with 
exchangeable substrates, as the tert-butanol generated after the first substrate 
exchange event would not compete effectively for ligand binding when compared to a 
primary or even a secondary alcohol substrate.  Unfortunately, the synthetic route to 
L3 affords low yields, and access to sufficient quantities of ligand was more feasible 
with L2, which possesses a sufficient equilibrium position for use with primary 
alcohol substrates. 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Figure 2.8. Equilibration of L1 with alcohols. 
 
 
 
 
 
2.6 Synthesis of Ligands 2.18 and 2.21 
To probe the nature of the NLP contribution to substrate exchange, ligands 2.18 and 
2.21 were prepared.  Our initial synthetic goal was to produce a ligand with no 
substitution on the nitrogen atom, but we found that the closure step (Figure 2.9, 2.16 
! 2.17) resulted in the formation of heterocycle 2.17, instead of the desired ligand.  
Taking advantage of this synthetic intermediate, we were able to access ligand 2.18 
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by addition of acyl chloride and isopropanol under basic conditions.42  It is 
noteworthy that ligand 2.18 is stable to silica gel chromatography while other ligand 
structures are highly water sensitive, highlighting the role of the amide functionality 
in stabilizing the N-O acetal functionality. 
 
Figure 2.9. Synthesis of N-acyl ligand 2.18. 
 
 
 
 
Having synthesized a ligand with a significant electronic perturbation at nitrogen, we 
were spurred on to synthesis the N-benzyl version of the ligand, which was accessed 
as outlined in Figure 2.10.  Reductive amination of 2-iodo-aniline with benzaldehyde 
furnished 2.19.  A copper mediated cross coupling gave access to the triaryl 
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phosphine 2.20, and lithium reduction followed by in-situ trap of the di-anion led to a 
mixture of diastereromers of 2.21. 
 
Figure 2.10. Synthesis of N-benzyl ligand 2.21. 
 
 
With these ligand analogs in hand, we decided to determine what effect N-subsitution 
had on the exchange reaction with alcohol substrates. 
  
2.18 was treated with substrate 3.1  (4 equiv.) in the presence of catalytic p-TsOH 
(0.2 mol%) in C6D6 (Figure 2.11).  After 24 h at 45 # only 27% of the ligand had 
undergone exchange.  As might have been expected, the exchange reaction with the 
amide ligand was slow, presumably due to the NLP being tied up in resonance with the 
carbonyl group and therefore less available to donate electron density into the C-O $* 
orbital to facilitate exchange.  Although the reaction may not have reached 
equilibrium after 24 h, it was obvious that this rate of exchange was too slow to be 
useful in the hydroformylation reaction. 
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Figure 2.11. Exchange of Ligand 2.18 with substrate 3.1. 
 
 
entry time (h) 2.18 2.22 
1 0 100 0 
2 1 80 20 
3 3 78 22 
4 24 73 27 
 
 
Having shown that the amide functionality greatly decreased the rate of exchange, we 
were interested to see how 2.21 would behave in the exchange reaction.  Therefore, 
2.21 was treated with i-PrOH (4 equiv.) in the presence of catalytic p-TsOH (0.1 
mol%) in C6D6.  Exchange did occur (Keq = 0.118), but the reaction took 18 hours to 
reach equilibrium (Figure 2.12).  This rate of exchange, like that of 2.18, was too 
slow for use in the hydroformylation reaction.  Interestingly, 2.21 started as a roughly 
equal mixture of diastereomers from the kinetic trapping procedure used in its 
synthesis, and in the exchange reaction the syn compound rapidly disappears with 
concomitant equilibration to the thermodynamically favored anti-diastereomer of 
2.21, as well as exchange to compound 2.23. 
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Figure 2.12. Exchange of 2.21 with i-PrOH 
 
 
entry time (h) syn-2.21 anti-2.21 2.23 2.21 : 2.23 
1 1 46 47 7 93:7 
2 2 33 39 28 72:28 
3 3 29 37 34 66:34 
4 4 27 41 32 68:32 
5 6 20 42 38 62:38 
6 18 8 45 47 53:47 
7 24 8 45 47 53:47 
 
 
 
2.7 Chiral Ligand Design and Synthesis 
 
Having successfully developed a racemic synthesis of scaffolding ligands L1-L3 and 
applied them to the hydroformylation reaction (see Ch. 3 and 4), we were interested 
in isolating the scaffolding ligands in an optically pure form.  We thought the most 
straightforward way to do this was to exchange an optically pure alcohol onto the 
racemic mixture of ligand and separate the diasteromers that formed, which should 
exist as a 1:1 mixture.  Therefore, L2 was treated with alcohol 2.24 in the presence of 
catalytic p-TsOH.  The reaction was driven to 95% conversion by successive removal 
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of solvent and i-PrOH under high vacuum and redissolution in C6D6 (number of 
cycles are indicated in Figure 2.13).  Much to our surprise, the resulting 31P NMR 
spectrum showed a 69:31 mixture of two new compounds.  This suggested that the 
phosphorous and carbon centers were undergoing epimerization during the course of 
the exchange reaction.  Also, it seems that the epimerization occurs on a similar 
timescale as the exchange reaction, as it was observed that the ratio of the two new 
products formed changed during the course of the reaction (Figure 2.13).  
Additionally, calculations predict structure 2.25 to be 0.64 kcal/mol more stable than 
2.26, which would correspond to a 75:25 mixture of isomers. 
 
Figure 2.13. Exchange of L2 with (S)-1-phenylethanol. 
 
 
 
cycle conversion ratio  
(2.25 : 2.26) 
1 71 56:44 
2 82 62:38 
3 85 66:34 
4 95 69:31 
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We believe the configurational instability of the phosphorous center arises from the 
fact that an iminium ion is a likely intermediate under the acidic exchange conditions.  
Rehybridization of the phosphorous to sp2 would generate an aromatic heterocycle, 
significantly lowering the barrier to inversion (Figure 2.14). 
 
Figure 2.14. Possible mechanism for phosphorous epimerization. 
 
 
 
 
In order to apply our scaffolding ligand methodology to catalytic enantioselective 
hydroformylation, it was necessary to design a ligand that would retain a 
thermodynamically favorable configuration under the exchange conditions.   
 
We knew that the relative stereochemistry of the phosphorous and carbon 
stereocenters was the result of a thermodynamically favored anti-relationship, and we 
sought to exploit this phenomenon in the design of a chiral ligand.  We hypothesized 
that if we could incorporate a fixed stereocenter into the molecule, perhaps it could 
thermodynamically gear the other stereocenters to maintain a single stereoisomer.  
P
N
Oi-Pr
Me
Ph
P
N
Me
Ph
P
N
Me
Ph
P
N
Me
Ph
Oi-Pr
! i-PrOH
+ i-PrOH
2.27
2.28
(2S,3Rp)-L2 (2R,3Sp)-L2
P
N
Me
Ph
‡
 page 62!
That way, even though the phosphorous and carbon stereocenters could epimerize, 
thermodynamics would prevail, forming the lowest energy conformation, in effect 
locking them in place.  
 
We thought the most effective solution to this problem would be to incorporate a third 
ring into the system that contained both the nitrogen atom as well as a fixed 
stereocenter, and we again turned to computational studies to guide our ligand design.  
Calculations were performed on structures 2.29 and 2.30, which incorporate a 
substituted tetrahydroquinoline ring as the controlling stereochemistry.  As we 
expected, the phosphorous and carbon stereocenters were predicted to be anti- to each 
other.  The carbon stereocenter was predicted to be anti to the set stereocenter, 
presumably to avoid a syn-pentane-like interaction. 
 
Figure 2.15. DFT calculation on chiral ligand structures. 
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The calculations were performed with a methyl and an isopropyl group at the 
controlling stereocenter, and it was found that the bulkier isopropyl group was 
predicted to gear the molecule such that the thermodynamically favored isomer of 
2.30 was 4.8 kcal/mol lower in energy, whereas compound 2.29 would only have a 
1.2 kcal/mol difference in energy between the isomers.  We wanted to assure that the 
ligand existed as one thermodynamically favored isomer and therefore chose the 2-
isopropyl-tetrahydroquinoline core as a starting point for the synthesis of a chiral 
ligand.  
  
Starting from 2-isopropylquinoline, an asymmetric hydrogenation set the stereocenter 
on the tetrahydroquinoline ring (Figure 2.16).  Unfortunately, the hydrogenation 
afforded material with lower optical purity (94% ee) than was desired.  We attempted 
to enrich the optical purity of the material by crystallizing the camphorsulfonic acid 
salt of the tetrahydroquinoline (both R- and S-camphorsulfonic acid were tested).  
However, the results proved to be highly variable, with different crops of crystals 
giving from 92-98% ee with no apparent difference between the crystallization 
conditions. 
 
However, it was found that crystallization of the (+)-3-bromocamphor-8-sulfonic acid 
salt of 2.32 consistently afforded material in 98% ee. Gratifyingly, ortho-lithiation 
and trapping with ClPPh2, followed by lithium reduction to the secondary phosphine, 
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performed as in the synthesis of racemic ligand L1, were found to proceed with little 
need for reaction optimization (Figure 2.17). 
 
Figure 2.16. Chiral ligand synthesis: Enrichment of 2.17. 
 
 
 
Unfortunately, now one step away from the desired ligand structure, we found that 
the orthoformate closure step that was highly successful in the synthesis of the 
racemic ligands was plagued by poor conversion to product with the bulkier chiral 
ligand backbone. 
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Figure 2.17. Chiral ligand synthesis. 
 
 
 
Fortunately, we found that 2.34 could be deprotonated with PhLi and trapped with 
Cl2CHOMe to yield the cyclized ligand structure 2.35.  Interestingly, this procedure 
resulted in a kinetic mixture of the four possible diastereomers, as judged by 31P NMR 
(Figure 2.18).   
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Figure 2.18. 31P NMR spectrum of 2.35 showing four diastereomers. 
 
 
Treatment of 2.35 with i-PrOH in the presence of 4 % molecular sieves43 effected 
exchange and equilibration to the thermodynamically favored product L4 with 
stereochemistry as shown (Figure 2.19).  This result highlights the unique nature of 
the thermodynamic gearing in L4.  The production of 2.35 was performed under 
kinetic control and resulted in a mixture of diastereomers, but when allowed to 
equilibrate under thermodynamic control, the result was one single diastereomer, 
confirming our hypothesis about the gearing nature of the ligand substituents. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$"!4 % molecular sieves have a pore size large enough to selectively absorb the methanol liberated 
during exchange and help drive the reaction to completion.!
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Figure 2.19. 31P NMR spectrum of L4 showing a single diastereomer. 
 
 
 
To verify both relative and absolute stereochemistry of ligand L4, the metal complex 
trans-(L4)2Rh(Cl)(CO) was prepared from L4 and [ClRh(CO)2]2, and a single crystal 
suitable for X-ray diffraction was grown out of a benzene/pentane solution (Figure 
2.20).  The X-ray crystal structure confirmed the gearing nature of the ligand 
stereocenters; the carbon-oxygen bond in L4 is arranged anti- to both the isopropyl 
group on the tetrahydroquinoline ring as well as the phenyl substituent on 
phosphorous (Figure 2.21). 
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Figure 2.20. trans-(L4)2Rh(Cl)(CO). 
 
 
 
 
Figure 2.21. X-ray crystal structure of trans-(L4)2Rh(Cl)(CO). (CCDC # 833149) 
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2.8 Conclusions 
 
We have synthesized a compound that reversibly and covalently bonds with alcohol 
substrates that has been designed for use in the hydroformylation reaction.  We have 
termed these ligands scaffolding ligands, as they will be used to co-locate a metal 
catalyst and an olefinic substrate to effect a directed hydroformylation.  The rapid 
equilibration seen between these scaffolding ligands and alcohol substrates will allow 
these ligands to be used directly in the hydroformylation reaction, without the need 
for pre-forming or removing directing groups in order to effect a directed reaction.  
We have also shown that the phosphorous center in the scaffolding ligand structure 
undergoes epimerization during the course of exchange reactions.  In order to apply 
this ligand class to enantioselective hydroformylation, we have designed a ligand that 
uses a thermodynamic gearing strategy to produce a ligand structure that remains in 
one configuration even though two of the three stereocenters are epimerizable. 
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2.9 Experimental Details 
 
General Considerations 
Unless otherwise noted, all reagents were obtained from commercial suppliers and 
used without further purification.  Lithium reagents were titrated against 2-pentanol 
using 1,10-phenanthroline as the indicator.  Flash column chromatography was 
performed using EMD Silica Gel 60 (230-400 mesh) and ACS grade solvents as 
received from Fisher Scientific.  All experiments were performed in oven or flame 
dried glassware under an atmosphere of nitrogen or argon using standard syringe and 
cannula techniques, except where otherwise noted.  All reactions were run with dry, 
degassed solvents dispensed from a Glass Contour Solvent Purification System (SG 
Water, USA LLC).  1H, 13C, and 31P NMR were performed on either a Varian Gemini-
2000 400 MHz or a Varian Unity 300 MHz instrument.  Deuterated solvents were 
purchased from Cambridge Isotope Labs and stored over 3Å molecular sieves.  C6D6 
was degassed by three successive freeze-pump-thaw cycles and stored over 3Å 
molecular sieves in a dry box under a nitrogen atmosphere.  All NMR chemical shifts 
are reported in ppm relative to residual solvent for 1H and 13C and external standard 
(neat H3PO4) for 
31P NMR.  Coupling constants are reported in Hz.  All IR spectra 
were gathered on a Bruker Alpha FT-IR equipped with a single crystal diamond ATR 
module and values are reported in cm!1.  All GC analyses were performed on an 
Agilent Technologies 7890A GC System.  HRMS and X-ray crystal structure data 
were generated in Boston College facilities.  Hydroformylation was performed in an 
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Argonaut Technologies Endeavor" Catalyst Screening System using 1:1 H2/CO 
supplied by Airgas, Inc. 
 
Synthesis of Ligand L1 
 
 
 
 
 
 
2-(Diphenylphosphino)-N-methylaniline (2.11).  To a flame dried 250 mL three-
neck round bottom flask was added THF (100 mL) and N-methylaniline (2.10) (5.42 
mL, 50.0 mmol, distilled from KOH).  The solution was cooled to an internal 
temperature of !70 °C and n-BuLi (31.6 mL, 1.58 M, 50.0 mmol) was added 
dropwise at a rate that maintained a constant internal temperature of !70 °C.  The 
resulting white suspension was allowed to warm to 0 °C, and CO2 was bubbled 
through the suspension, resulting in a clearing of the suspension and a rise in 
temperature to 10 °C.  The solution was concentrated under high vacuum, and the 
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resulting foamy residue was dissolved in THF (100 mL) and cooled to !70 °C.  t-
BuLi (38.3 mL, 1.5 M, 57.5 mmol) was added drop-wise at a rate that maintained a 
constant internal temperature of !70 °C.  The solution was allowed to warm to !20 
°C by removing from cold bath for 30 minutes then re-cooled to !70 °C.  
Chlorodiphenylphosphine (10.16 mL, 55.0 mmol, distilled) was added as a solution in 
THF (30 mL). The resulting dark orange solution was allowed to warm slowly 
overnight to room temperature.  The solution was added to 1 M HCl (120 mL) and 
stirred for 45 minutes.  The solution was adjusted to pH 14 with 6 M NaOH, the 
organic layer was collected, and the aqueous layer was extracted with ethyl acetate (4 
x 100 mL).  The combined organics were dried over anhydrous magnesium sulfate, 
filtered, and concentrated to a yellow solid that was recrystallized from absolute 
ethanol (75 mL) containing THF (5 mL).  The resulting off white crystals that formed 
were washed with cold ethanol and collected via vacuum filtration (9.38 g, 64%). 1H 
NMR (CDCl3, 300 MHz) # 7.38-7.24 (m, 11H), 6.73-6.79 (m, 1H), 6.58-6.69 (m, 
2H), 4.76 (br s, 1H), 2.82 (s, 3H);  13C NMR (CDCl3, 100 MHz) # 152.3 (JP-C = 19.0), 
135.8 (JP-C = 7.0), 134.5, 133.8 (JP-C = 19.0), 130.9, 128.9, 128.7 (JP-C = 7.0), 118.8 
(JP-C = 7.1), 117.2, 109.8, 31.1;  
31P NMR (CDCl3, 121 MHz) # !22.2;  IR: 3383, 
3069, 3053, 2931, 2859, 1587, 1504, 1434, 1310, 1168, 744, 696, 479 cm–1;  HRMS 
(DART-TOF) calcd. for C19H19NP
+ [M+H]+: 292.1258, found: 292.1267. 
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N-Methyl-2-(phenylphosphino)aniline (2.12).  To a flame dried 100 mL round 
bottom flask was added THF (25 mL) and 2-(diphenylphosphino)-N-methylaniline 
(2.11) (3.86 g, 13.3 mmol).  The solution was sparged with argon for 15 minutes.  
Lithium wire (277 mg, 39.9 mmol) was washed with THF to remove mineral oil and 
added as small pieces.  The reaction was stirred at room temperature overnight after 
sparging with argon for an additional 15 minutes.  Degassed, deionized water (3.2 
mL) was added via syringe to the deep orange solution.  The solution cleared and a 
white ppt. formed.  The reaction was stirred for five minutes and the solvent removed 
under high vacuum.  The residue was quickly extracted with dry, degassed CH2Cl2, 
dried over anhydrous magnesium sulfate, filtered, and concentrated under high 
vacuum.  The crude residue was distilled (120 °C @ 0.3 mmHg) resulting in the title 
compound as a pale yellow oil (2.54 g, 88%).  [Note: Stench! All steps were 
performed in a fume hood, including solvent removal which was performed using 
high vacuum and trapping in a cold finger.]  1H NMR (C6D6, 400 MHz) # 7.46-7.26 
(m, 7H), 6.71 (dd, 1H, J = 8.3, 7.4), 6.63 (d, 1H, J = 7.9), 5.46 (d, 1H, JP-H = 222.3), 
4.31 (br s, 1H), 2.80 (d, 3H, J = 5.1);  13C NMR (C6D6, 100 MHz) & 151.8, 138.1 (JP-
C = 21.9), 134.3, 132.4 (JP-C = 15.7), 131.7, 129.54 (JP-C = 4.7), 127.9, 117.1 (JP-C = 
8.6), 115.6, 109.8, 30.1;  31P NMR (C6D6, 121 MHz) # !61.3;  IR: 3470 (br), 3052, 
NHMe
PHPh
2.12
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3000, 2908, 2812, 1588, 1570, 1502, 1452, 1434, 1422, 1310, 1286, 1168, 743, 718, 
692, 495 cm–1;  HRMS (DART-TOF) calcd. for C13H15NP
+ [M+H]+: 216.0942, found: 
216.0954. 
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2-Methoxy-2,3-dihydro-1H-benzo[d][1,3]azaphosphole. (L1)  To a flame dried 
two-neck 500 mL round bottom flask with reflux condenser was added 
trimethylorthoformate (75 mL) and the solution was sparged with argon for 20 
minutes. N-methyl-2-(phenylphosphino)aniline (2.12) (3.0 g, 13.94 mmol) was added 
and the solution was sparged with argon for an additional 15 minutes.  Pyridinium p-
toluene sulfonate (195 mg, 0.70 mmol) was added to the solution and the flask was 
immersed in a preheated oil bath (108 °C) and stirred for 15 hours.  The solvent was 
removed under high vacuum, the flask brought into a dry box under a nitrogen 
atmosphere and extracted with degassed pentanes (4 x 20 mL).  The combined 
organics were concentrated and Kugelrohr distilled (150 °C @ 0.05 mmHg) affording 
a clear oil that solidifies on standing to a white solid (1.53 g, 43%).  1H NMR (C6D6, 
300 MHz) # 7.39 (dd, 1H, J = 7.1, 6.8), 7.26-7.15 (m, 3H), 6.95-6.92 (m, 3H), 6.68 
(dd, 1H, J = 10.0, 6.4), 6.32 (d, 1H, J = 8.0), 4.88 (d, 1H, JP-H = 8.4), 3.08 (s, 3H), 
2.53 (s, 3H);  13C NMR (C6D6, 100 MHz) & 155.0, 137.4 (JP-C = 19.5), 133.0 (JP-C = 
23.6), 132.8 (JP-C = 18.7), 131.7, 129.5, 129.2 (JP-C = 6.2), 121.6, 118.6 (JP-C = 7.8), 
107.7, 103.9 (JP-C = 4.7), 52.9 (JP-C = 13.2), 33.1;  
31P NMR (C6D6, 121 MHz) # 
!26.5;  IR: 3053, 2984, 2928, 2882, 2816, 1586, 1472, 1297, 1052, 914, 737, 694, 
P
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491 cm–1;  HRMS (DART-TOF) calcd. for C15H17NOP
+ [M+H]+: 258.1048, found: 
258.1056. 
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Synthesis of Ligands L2 and L3 
 
 
 
 
 
 
 
 
2-Isopropoxy-2,3-dihydro-1H-benzo[d][1,3]azaphosphole. (L2)  In a dry box a 20 
mL scintillation vial was charged with ligand L1 (800 mg, 3.11 mmol), benzene 
(3mL), p-toluene sulfonic acid (1 mol%, 5.4 mg, 0.031 mmol), isopropanol (4 eq., 
952 uL, 12.44 mmol), and molecular sieves (250 mg, 4Å, 8-12 mesh).  The solution 
was allowed to stand for 8 h, the sieves were filtered off and washed with pentanes.  
The combined organics were concentrated.  The residue was then dissolved in 
benzene (3 mL), isopropanol (4 eq., 952 uL, 12.44 mmol), and molecular sieves (250 
mg, 4Å, 8-12 mesh) were added.  The solution was allowed to stand for 8 h, the 
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sieves were filtered off and washed with pentanes.  The combined organics were 
concentrated and distilled (150 °C @ 0.050 mmHg) affording a clear oil that 
solidifies on standing to a white solid (609 mg, 69%).  1H NMR (C6D6, 300 MHz) # 
7.47 (dd, 1H, J = 7.2, 5.7), 7.36-7.30 (m, 2H), 7.22 (ddd, 1H, J = 8.7, 7.8, 1.5), 7.03-
6.99 (m, 3H), 6.73 (app dt, 1H, J = 7.5, 2.4), 6.40 (d, 1H, J = 7.8), 4.96 (d, 1H, JP-H = 
11.1), 2.60 (s, 3H), 1.13 (d, 3H, J = 6.2), 1.04 (d, 3H, J = 6.0);  13C NMR (C6D6, 100 
MHz) & 155.1, 137.6 (JP-C = 24.6), 133.2 (JP-C = 27.3), 132.8 (JP-C = 22.6), 131.6, 
129.4, 129.2 (JP-C = 7.6), 122.1 (JP-C = 9.4), 118.6 (JP-C = 8.5), 108.2, 101.6, 68.5 (JP-C 
= 9.4), 33.2, 23.9, 22.2;  31P NMR (C6D6, 121 MHz) # !22.9;  IR: 3066, 2966, 2897, 
2866, 1586, 1474, 1365, 1294, 1120, 990, 740, 693, 495 cm–1, 458;  HRMS (DART-
TOF) calcd. for C17H21NOP
+ [M+H]+: 286.1361, found: 286.1360. 
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2-Tert-butoxy-2,3-dihydro-1H-benzo[d][1,3]azaphosphole. (L3)  In a dry box a 20 
mL scintillation vial was charged with ligand L1 (500 mg, 2.0 mmol), benzene 
(1mL), p-toluene sulfonic acid (1 mol%, 3.4 mg, 0.02 mmol), t-BuOH (10 mL), and 
molecular sieves (250 mg, 4Å, 8-12 mesh).  The solution was allowed to stand for 8 
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h, the sieves were filtered off and washed with pentanes.  The combined organics 
were concentrated.  The residue was then dissolved in benzene (3mL), t-BuOH (10 
mL), and molecular sieves (250 mg, 4Å, 8-12 mesh) were added.  The solution was 
allowed to stand for 8 h, the sieves were filtered off and washed with pentanes. 
Distillation (190 °C @ 0.05 mmHg) and crystallization (pentanes, !35 °C) afforded a 
white solid (142 mg, 25%).  1H NMR (C6D6, 300 MHz) # 7.42 (app t, 1H, J = 5.4), 
7.36-7.31 (m, 2H), 7.18 (app t, 1H, J = 7.2), 7.00-6.96 (m , 3H), 6.68 (app dt, 1H, J = 
6.4, 2.5), 6.37 (d, 1H, J = 8.2), 5.04 (d, 1H, JP-H = 11.4) 2.53 (s, 3H), 1.14 (s, 9H);  
13C NMR (C6D6, 400 MHz) # 155.3, 137.8 (JP-C = 23.4), 133.3, 133.0 (JP-C = 18.7), 
131.6, 129.5, 129.2 (JP-C = 6.3), 122.7 (JP-C = 8.5), 118.5 (JP-C = 7.8), 108.4, 96.4, 
74.3, 32.9, 29.1;  31P NMR (C6D6, 121 MHz) # !15.2;  IR: 3052, 2968, 2916, 1584, 
1474, 1365, 1177, 980, 745, 694, 489 cm–1;  HRMS (DART-TOF) calcd. for 
C18H23NOP
+ [M+H]+: 300.1517, found: 300.1509. 
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Alternate Synthesis of L2 
 
 
 
 
2-Isopropoxy-2,3-dihydro-1H-benzo[d][1,3]azaphosphole (L2).  A dry 250 mL 3-
neck round bottom flask with reflux condensor was charged with PPTS (197 mg, 0.78 
mmol).  Triisopropyl orthoformate (78 mL) was added and the solution was sparged 
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with argon for 15 min.  N-Methyl-2-(phenylphosphino)aniline (2.12) (3.37 g, 15.6 
mmol) was added and the solution was sparged with argon for an additional 15 min.  
The reaction was heated in an oil bath at 160 # and stirred for 12 hours.  The 
reaction was cooled to room temperature.  The reflux condensor was replaced with a 
dry short path, and the orthoformate was distilled off (65 #, 0.25 mmHg).  The flask 
was brought into a dry box under vacuum and the residue was transferred to a 25 mL 
flask with pentane and concentrated.  The residue was Kugelrohr distilled (110 #, 
0.10 mmHg).  The clear distillate was brought into a dry box under a nitrogen 
atmosphere and dissolved in pentane (20 mL).  The solution was allowed to 
crystallize at -35 # for 12 hours.  The crystals were washed with cold pentane, and 
recrystallized out of pentane (20 mL) to yield the title compound as a white solid 
(2.58 g, 58%).  Spectral data matched that reported above. 
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Synthesis of 2.18 
 
 
 
 
 
2-(Diphenylphosphino)aniline (2.15).  To a flame-dried 100 mL round bottomed 
flask with reflux condensor was copper (I) iodide (142 mg, 0.747 mmol), toluene (25 
mL), diphenylphosphine (2.78 g, 14.9 mmol), and N, N’-dimethylethane-1,2-diamine 
(0.516 mL, 5.22 mmol).  The reaction was stirred for 15 min.  2-iodoaniline (3.26 g, 
14.9 mmol) was added, cesium carbonate (9.71 g, 29.8 mmol) was added, and the 
reaction was heated in a 110 C oil bath for 22 h.  The reaction was cooled, water was 
added, and the aqueous layer was extracted with ethyl acetate (3 x 150 mL).  The 
combined organics were dried over anhydrous magnesium sulfate, filtered, and 
NH2
I
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PPh2
NH2
PHPh
P
Ph
N
P
N
O
Me
Oi-Pr
HPPh2, CuI
MeNH(CH2)2NHMe
Cs2CO3
Toluene, 100 °C
Li, THF
HC(OMe)3
p-TsOH
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i-PrOH
Et3N, THF
Ph
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concentrated.  The crude residue was purified on silica gel (5-10% EtOAc in 
hexanes).  A white solid results (2.38 g, 58%).  1H NMR (C6D6, 300 MHz) # 7.43-
7.23 (m, 9H), 7.22-7.11 (m, 1H), 6.81-6.63 (m, 4H), 3.96 (br s, 2H);  31P NMR (C6D6, 
121 MHz) # !19.3. 
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2-(Phenylphosphino)aniline (2.16). To a flame dried 500 mL round bottom flask 
was added 2-(diphenylphosphino)aniline (8.16 g, 29.4 mmol) and THF (200 mL).  
The solution was sparged with argon for 20 min.  Lithium (613 mg, 88.3 mmol) was 
added as pieces and the solution was sparged with argon for an additional 20 min.  
The reaction was stirred for 12 hours at room temperature.  The reaction was cooled 
in an ice water bath and degassed water was added (10.6 mL).  The solution was 
stirred for 30 min.  The reaction was concentrated under high vacuum and the residue 
NH2
PHPh
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was quickly extracted with methylene chloride (3 x 50 mL).  The combined organics 
were dried over anhydrous magnesium sulfate, filtered, and concentrated.  The 
residue was Kugelrohr distilled (170 C @ 0.1mmHg), resulting in 4.91 g (83%) of the 
title compound as a clear oil.  1H NMR (C6D6, 300 MHz) # 7.83-7.09 (m, 7H), 6.85-
6.64 (m, 2H), 5.16 (d, 1H, J = 221), 4.20 (br s, 2H); 31P NMR (C6D6, 121 MHz) # 
!58.9. 
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3-Phenyl-3H-benzo[d][1,3]azaphosphole (2.17).  To a flame dried 50 mL round 
bottom flask was added p-TsOH (154 mg, 0.81 mmol).  The flask was evacuated and 
refilled with argon.  This evacuation and refill was repeated twice more. 2-
(phenylphosphino)aniline (500 mg, 2.49 mmol) was added along with toluene (5 mL).  
Argon sparged trimethylorthoformate (2 mL) was added and the reaction was heated 
at 100 # for 1 h.  Triethylamine (50 uL) was added and the reaction was 
P
N
Ph
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concentrated.  The residue was Kugelrohr distilled (150 C @ 0.150 mmHg), resulting 
in 235 mg (45%) of the title compound as a clear oil.  1H NMR (C6D6, 300 MHz) # 
8.02 (d, 1H, J = 9.0), 7.38 (dd, 1H, J = 9.0, 3.0), 7.16-6.75 (m, 8H); 31P NMR (C6D6, 
121 MHz) # 13.0. 
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1-(2-Isopropoxy-3-phenyl-2,3-dihydro-1H-benzo[d][1,3]azaphosphol-1-
yl)ethanone (2.18).  In a drybox, 3-phenyl-3H-benzo[d][1,3]azaphosphole (235 mg, 
1.11 mmol) was dissolved in THF (5 mL) and cooled to 0 #.  Acetyl chloride (158 
uL, 2.22 mmol) was added and the reaction was stirred for 10 min.  Triethylamine 
P
N
Ph
Oi-Pr
O
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(340 uL, 2.44 mmol) was added followed by isopropanol (850 uL, 11.1 mmol).  The 
solution was cannula filtered and transferred with diethyl ether (5 mL).  The crude 
reaction was purified on silica (1 : 1 EtOAc/Hexanes), resulting in 199 mg (57%) of a 
white solid.  1H NMR (C6D6, 300 MHz) # 8.41 (br s, 0.5H), 7.66-7.53 (m, 1H), 7.47 
(app t, 1H, J = 8.6), 7.38-7.23 (m , 4H), 7.22-7.16 (m, 1H), 7.15-7.05 (m, 2H), 5.54 
(br s, 0.5H) 4.23-4.08 (m, 1H), 2.26 (s, 3H), 1.37-1.18 (m, 6H); 31P NMR (C6D6, 121 
MHz) # !25.3. 
 
 
 page 97!
 
 
 
 
 
 
 
 
 
 
 
 page 98!
Synthesis of 2.21 
 
 
 
 
 
 
N-benzyl-2-iodoaniline (2.19).  To a flame dried 250 mL round bottom flask was 
added 2-iodoaniline (3.00 g, 13.7 mmol), zinc chloride (2.23 g, 16.4 mmol), and 
methanol (52 mL).  Benzaldehyde (1.67 mL, 16.4 mmol) was added followed by 
addition of sodium cyanoborohydride (1.03 g, 16.4 mmol).  The solution was heated 
to reflux and stirred 2 h.  Aqueous sodium hydroxide (30 mL, 1M) was added, and 
the reaction stirred an additional 30 min.  The reaction was concentrated and 
extracted with ethyl acetate (3 x 100 mL).  The combined organics were dried over 
anhydrous sodium sulfate, filtered, and concentrated.  The residue was purified on 
silica (EtOAc/Hexanes) and yielded 2.44g (57%) of the title compound as a yellow 
oil.  1H NMR (C6D6, 300 MHz) # 7.68 (d, 1H, J = 6.2), 7.53-7.24 (m, 5H), 7.16 (app 
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t, 1H, J = 5.6), 6.54 (d, 1H, J = 6.2), 6.45 (app t, 1H, J = 5.6), 4.63 (br s, 1H), 4.41 
(d, 2H, J = 3.9). 
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N-benzyl-2-(diphenylphosphino)aniline (2.20).  To a flame dried 2-neck round 
bottom flask with reflux condensor was added copper (I) iodide (148 mg, 0.78 mmol), 
toluene (25mL), N, N’-dimethylethane-1,2-diamine (0.296 mL, 2.72 mmol), and 
diphenylphosphine (1.35 mL, 7.76 mmol).  The solution was stirred for 15 min.  
Cesium carbonate (5.06 g, 15.5 mmol) was added followed by N-benzyl-2-
iodoaniline (2.4 g, 7.76 mmol).  The reaction was stirred at 110 # for 2 h.  The 
reaction was cooled, water was added, and the aqueous layer extracted with ethyl 
acetate (3 x 100 mL).  The combined organics were dried over anhydrous sodium 
sulfate, filtered, and concentrated.  The residue was purified on silica (10% ethyl 
acetate in hexanes), resulting in a white solid (1.38 g, 48%).  1H NMR (C6D6, 300 
MHz) # 7.72-7.11 (m, 16H), 6.90-6.77 (m, 1H), 6.74-6.55 (m, 2H), 5.22-5.07 (m, 
1H), 4.35 (d, 2H, J = 6.0);  31P NMR (C6D6, 121 MHz) # !20.2. 
NH
PPh2
Ph
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1-Benzyl-2-methoxy-3-phenyl-2,3-dihydro-1H-benzo[d][1,3]azaphosphole (2.21).  
To a flame dried 50 mL round bottom flask was added N-benzyl-2-
(diphenylphosphino)aniline (1.00 g, 2.72 mmol) and THF (13 mL).  The solution was 
sparged with argon for 20 min., lithium pieces (56.7 mg, 8.16 mmol) were added, and 
the solution sparged with argon for an additional 20 min.  A separate 25 mL round 
bottom flask was flame dried and charged with THF (13 mL) and 
dichloro(methoxy)methane (0.266 mL, 2.99 mmol).  The orange lithium phosphide 
solution was added dropwise to the solution of dichloro(methoxy)methane, and the 
reaction was allowed to stir for 45 min.  The solvent was removed under high vacuum 
and the flask brought into a dry box.  The gummy orange residue was extracted with 
pentane (3 x 20 mL), filtered, and concentrated.  This residue was Kugelrohr distilled 
(170 C @ 0.05 mmHg), yielding a yellow oil (316 mg, 35%). 
P
N
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1-Benzyl-2-isopropoxy-3-phenyl-2,3-dihydro-1H-benzo[d][1,3]azaphosphole. 
In a drybox a scintillation vial was charged with 1-Benzyl-2-methoxy-3-phenyl-2,3-
dihydro-1H-benzo[d][1,3]azaphosphole, benzene (3 mL), i-PrOH (6 mL), p-TsOH 
(1.5 mL, 6.3x10-4 M in benzene), and 4 % molecular sieves.  The solution was 
allowed to stand for 21 h and the solution was filtered and concentrated.  The residue 
was dissolved in benzene (3 mL) and i-PrOH (3 mL) and 4 % molecular sieves were 
added.  The solution was allowed to stand 16 h and was filtered and concentrated.  
The residue was crystallized out of a pentane/benzene solution resulting in white 
crystals.  1H NMR (C6D6, 300 MHz) # 7.49-7.42 (m, 1H), 7.29-7.20 (m, 2H), 7.15-
7.09 (m, 1H), 7.09-6.90 (m, 6H), 6.72-6.63 (m, 1H), 6.39 (d, 1H, J = 8.1), 4.99 (d, 
1H, J = 11.1), 4.32 (s, 2H), 3.88-3.75 (m, 1H), 1.11 (d, 3H, J = 6.0), 0.91 (d, 3H, J = 
6.0); 31P NMR (C6D6, 121 MHz) # !21.7. 
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Synthesis of L4 
 
2-isopropyl quinoline (2.16) was prepared according to a literature procedure.44 
 
 
(S)-2-isopropyl-1,2,3,4-tetrahydroquinoline (2.17) 
[IrCODCl]2 (68.0 mg, 0.102 mmol) and (R)-(+)-5,5'-Dichloro-6,6'-dimethoxy-2,2'-
bis(diphenylphosphino)-1,1'-biphenyl (132 mg, 0.204 mmol) were dissolved in 5 mL 
THF in the glovebox and stirred for 20 minutes.  This solution was brought out of the 
box and was added to a solution of 2-isopropyl quinoline (2.16) (8.71 g, 50.9 mmol) 
and iodine (258 mg, 1.02 mmol) in 50 mL THF.  The solution was added to a Parr 
bomb and cooled to 4°C (cold room).  The system was charged to 400 psi hydrogen 
and purged 3 times with hydrogen and pressurized to 400 psi.  The solution was 
stirred for 36 hours.  The reaction was concentrated and purified on silica (3-5% 
EtOAc in Hexanes) to yield a yellow oil (8.50 g, 95%). SFC analysis (OD-H, 1% 
methanol as modifier, 1.5 mL/min., 150 psi.  tR = 12.8 min tS = 13.6 min) indicated the 
compound was 94% ee. 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$$!Lachance, Nicolas, et al. US Patent 20050277644 (2005)!
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Crystalization to higher ee: 
5.0 mL conc. HCl and 72 mL water were heated to 50°C and (S)-2-isopropyl-1,2,3,4-
tetrahydroquinoline (7.18 g, 40.9 mmol) was added followed by (+)-3-
bromocamphor-8-sulfonic acid ammonium salt (13.44 g, 40.9 mmol).  The 
temperature was raised to 90°C.  500 mL water, 35 mL ethanol, and 25 mL conc. HCl 
were added.  The suspension was hot filtered and the filtrate was allowed to cool 
overnight, the crystals were collected and the parent compound was recovered by 
suspending the crystals in ethyl acetate and washing 3x 50 mL 1M Na2CO3.  The 
organic layer was dried over magnesium sulfate, filtered and concentrated to yield the 
parent compound (3.51 g, 49%) in 98% ee by SFC. 
1H NMR (CDCl3, 500 MHz) & 7.06-7.02 (m, 2H), 6.68 (ddd, 1H, J=8.0, 7.0, 1.0), 
6.54 (dd, 1H, J=7.5, 1.0), 3.82 (br s, 1H), 3.14-3.10 (m, 1H), 2.89-2.80 (m, 2H), 2.02-
1.97 (m, 1H), 1.81-1.70 (m, 2H), 1.09 (d, 3H, J=7.0), 1.06 (d, 3H, J=7.0); 13C NMR 
(CDCl3, 125 MHz) & 145.1, 129.2, 126.8, 121.5, 116.8, 114.0, 57.3, 32.6, 26.7, 24.6, 
18.7, 18.3; IR: 2956.6, 2870.8, 2842.1, 1606.1, 1483.4, 1308.4, 1273.5, 1253.5, 
741.5, 713.9 cm-1; HRMS (DART-TOF) calcd. for C12H18N [M+H]
+: 176.1439, 
found: 176.1448; [$]D
24 (CH2Cl2) 65.342° 
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(S)-8-(diphenylphosphino)-2-isopropyl-1,2,3,4-tetrahydroquinoline (2.18) 
To a 250 mL three neck round bottom flask was added THF (60 mL) and (S)-2-
isopropyl-1,2,3,4-tetrahydroquinoline (2.17) (5.80 g, 33.1 mmol).  The solution was 
cooled to !78°C and n-BuLi (18.8 mL, 1.76M, 33.1 mmol) was added slowly (the 
internal temperature was maintained at or below -70°C).  Upon completion of n-BuLi 
addition, the reaction was warmed in an ice water bath to 0 °C and CO2 was bubbled 
through the solution (an outlet oil bubbler was used to vent pressure).  The red 
solution color faded quickly.  CO2 bubbling continued for 40 minutes and then the 
solvent was removed under high vacuum to yield a foamy yellow semi-solid.  The 
residue was redissolved in THF (60 mL) and cooled to -78°C.  t-BuLi (27.2 mL, 1.40 
M, 38.05 mmol) was added (the internal temperature was maintained at or below -
70°C).  The solution was warmed to !20°C for 30 minutes and recooled to -78°C.  
Chlorodiphenylphosphine (6.73 mL, 36.4 mmol) was added as a solution in THF (10 
mL) (the internal temperature was maintained at or below -70°C).  The reaction was 
stirred overnight, slowly warming to room temperature.  To the solution was added 
conc. HCl (27 mL diluted with 25 mL water) and stirred for 45 minutes.  The solution 
was adjusted to >pH 10 with 10M NaOH and extracted with ethyl acetate.  The 
N
H
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residue was suspended in minimal ethanol and the product precipitated as a white 
solid (5.88g, 49%).   
1H NMR (CDCl3, 500 MHz) & 7.38-7.27 (m, 10H), 6.97 (d, 1H, J= 7.0), 6.61 (app t, 
1H, J= 7.0), 6.50 (app t, 1H, J= 7.0), 4.66 (d, 1H, J=7.0), 3.04-3.02 (m, 1H), 2.83-2.74 
(m, 2H), 1.90-1.86 (m, 1H), 1.63-1.58 (m, 2H), 0.81 (d, 3H, J= 6.5), 0.78 (d, 3H, J= 
6.5);  13C (CDCl3, 125 MHz) & 147.7, 147.5, 135.8 (d, J= 7.4), 135.6 (d, J= 7.4), 
133.8 (d, J= 7.4), 133.7 (d, J= 7.4), 132.14, 132.11, 128.7, 128.55, 128.49, 128.44, 
120.99, 120.96, 117.36, 117.29, 116.1, 116.0, 57.6, 57.5, 32.5, 27.0, 24.2, 18.2; 31P 
(CDCl3, 202 MHz) & !20.7; IR: 3050.7, 2955.8, 2870.3, 2840.8, 1586.3, 1489.4, 
1455.4, 1433.0, 1277.6, 1091.1, 738.3, 694.3, 502.6 cm-1; HRMS (DART-TOF) 
calcd. for C24H26NP [M+H]
+: 360.1881, found: 360.1870; [$]D
24 (CH2Cl2) 80.944°  
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(S)-2-isopropyl-8-(phenylphosphino)-1,2,3,4-tetrahydroquinoline (2.19) 
A dry 100mL round bottom flask was charged with (S)-8-(diphenylphosphino)-2-
isopropyl-1,2,3,4-tetrahydroquinoline (2.18) (2.50 g, 6.96 mmol) and THF (25 mL).  
The solution was sparged with argon (Note: Argon must be used for this reaction as 
lithium metal will react with nitrogen) for 30 minutes.  The reaction was stirred 
overnight, becoming orange.  Degassed water was added (2.5 mL) and stirred for 15 
minutes.  The solution decolored.  The solvent was removed under high vacuum.  The 
residue was extracted with CH2Cl2, dried over MgSO4, filtered and concentrated.  
Distillation (125°C, 0.05 mmHg) resulted in an air sensitive clear oil (1.3 g, 66%).   
 
1H NMR (CDCl3, 500 MHz) & 7.45-7.41 (m, 2H), 7.37-7.27 (m, 4H), 7.06-7.05 (m, 
1H), 6.64-6.58 (m, 1H), 5.10 (d, 1H, J= 219), 4.31 (br s, 1H), 3.09-3.05 (m, 0.5H), 
2.96-2.92 (m, 0.5H), 2.84-2.74 (m, 2H), 1.91-1.84 (m, 1H), 1.65-1.54 (m, 2H), 0.84 
(d, 1.5H, J= 7.0), 0.82 (d, 1.5H, J= 7.0), 0.78 (d, 1.5H, J= 7.0), 0.74 (d, 1.5H, J= 7.0); 
13C (CDCl3, 125 MHz) & 147.74, 147.71, 147.2, 147.1, 136.2, 136.1, 136.0, 135.9, 
132.3, 132.2, 132.1, 132.0, 131.4, 131.3, 128.70, 128.67, 128.66, 128.64, 128.01, 
127.98, 116.2, 116.1, 115.7, 115.6, 57.7, 32.6, 32.5, 32.4, 27.2, 27.1, 24.6, 24.0, 18.4, 
18.14, 18.12, 18.0; 31P (CDCl3, 202 MHz) & !61.4, !62.1; IR: 2957.7, 2930.0, 
N
H
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2871.8, 2842.6, 1588.0, 1490.7, 1457.4, 1434.6, 1285.9, 759.3, 737.7, 695.3 cm-1; 
HRMS (DART-TOF) calcd. for C18H23NP [M+H]
+: 284.1568, found: 284.1561; 
[$]D
24 (CH2Cl2) 53.415° 
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(4S)-2-isopropoxy-4-isopropyl-1-phenyl-2,4,5,6-tetrahydro-1H-
[1,3]azaphospholo[4,5,1-ij]quinoline (L4). 
 (S)-2-isopropyl-8-(phenylphosphino)-1,2,3,4-tetrahydroquinoline (2.19) (1.30 g, 4.59 
mmol) was dissolved in 25 mL THF and cooled to -78°C.  PhLi (4.89 mL, 1.97 M, 
9.64 mmol) was added dropwise and the solution was stirred for 30 minutes.  The 
reaction was transferred to an ice water bath and stirred for a further 30 minutes.  The 
dianion solution was added via syringe pump (1 h addition) to a 0°C solution of 
dichloromethyl methylether (0.448 mL, 5.05 mmol) in 150 mL THF.  The reaction 
was stirred for 90 minutes and the solvent removed on high vacuum.  The flask was 
brought into a dry box and the residue was extracted with pentane (3x 10 mL), 
filtered through a glass fiber filter and concentrated.  The residue was distilled (150°C 
at 0.05 mmHg) to yellow oil (490 mg, 33%).  The distillate was directly subjected to 
3 mL i-PrOH in 3mL benzene over 4 % mol. sieves in a dry box and allowed to stand 
for 20 h at which time the sieves were filtered off and rinsed with benzene.  The 
resulting solution was concentrated and resubjected to alcohol/benzene/fresh sieves 
and allowed to stand for 20 h.  The sieves were again filtered off and the solution 
N
P
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concentrated.  The residue was dissolved in 0.3 mL pentane and crystallized at -37°C.  
White crystals were collected (180 mg, 34%). 
1H NMR (CDCl3, 500 MHz) & 7.42-7.40 (m, 1H), 7.38-7.35 (m, 2H), 7.03-7.00 (m, 
3H), 6.98-6.96 (m, 2H), 6.73-6.70 (m, 1H), 5.14 (d, 1H, J = 6.5), 4.01-3.98 (m, 1H), 
3.40-3.37 (m, 1H), 2.44-2.42 (m, 2H), 1.86-1.82 (m, 2H), 1.61-1.55 (m, 2H), 1.17 (d, 
3H, J = 6.0), 1.08 (d, 3H, J = 6.0), 0.64 (d, 3H, J = 7.0), 0.50 (d, 3H, J = 6.5); 13C 
(CDCl3, 125 MHz) & 151.3, 136.9, 136.8, 132.1, 132.0, 130.7, 130.6, 130.0, 128.5, 
120.0, 119.4, 117.9, 98.3, 67.3, 57.5, 28.8, 24.2, 23.3, 21.6, 21.4, 19.3, 16.0; 31P 
(C6D6) & -22.0 ; IR 3052.6, 2962.4, 2929.1, 2870.4, 1582.0, 1455.2, 1383.4, 1310.6, 
1288.4, 1183.4, 1082.9, 999.0, 740.2, 695.6 cm-1; HRMS (DART-TOF) calcd. for 
C22H29NOP [M+H]
+: 354.1987, found: 354.2000. [$]D
24 (C6H6) 139.37° 
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Equilibrium Experiments and Equilibrium Constants 
 
Equilibrium Experiment Procedure.  A screw cap NMR tube was dried in a 
vacuum desiccator and brought into a dry box where it was charged with a solution of 
ligand 2a (400 uL, 0.15 M in C6D6, 0.06 mmol), a solution of p-TsOH (100 uL, 
0.00060 M in C6D6, 0.001 eq), and a solution of alcohol (4 eq., 100 uL, 2.4 M in 
C6D6, 0.24 mmol).  The NMR tube was removed from the dry box and immersed in 
an oil bath at a temperature of 45 °C.  The progress of the reaction was followed by 
periodically taking 31P and 1H NMR spectra until no further change was seen.  Ratios 
of ligand species were determined by 31P NMR integrals. 
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Equilibrium Constants.  Keq values were determined using the following equation: 
 
 
 
 
 
 
 
 
Ligand ROH ! 2a ! 2 (OR) Keq 
L1 n-BuOH 1 2.73 1.3 
L1 i-PrOH 1.12 1 0.12 
L1 t-BuOH 8.4 1 0.0016 
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Preparation of trans-[Rh(L4)2(CO)(Cl)] 
 
trans-[Rh(L4)2(CO)(Cl)]   Chlorodicarbonylrhodium (I) dimer (2.7 mg, 0.007 mmol) 
and L4 (10.0 mg, 0.028 mmol) were weighed out in a glove box and dissolved in 
benzene-d6 and allowed to stand for 12 h in a sealed, screw-top NMR tube.  The 
orange solution was concentrated and dissolved in a minimal amount of 
benzene/pentane (1:1).  The solution was placed in a vial with small holes in the cap 
and was allowed to slowly evaporate in a glovebox, yielding yellow needles suitable 
for x-ray diffraction analysis.  A single crystal was taken and stored under nitrogen 
until ready for x-ray diffraction analysis. 
 
X-ray Crystallographic Procedures. 
 
Single crystals obtained as described above were used for structural determination. 
The X-ray intensity data were measured at 100(2) K (Oxford Cryostream 700) on a 
Bruker SMART APEX CCD-based X-ray diffractometer system equipped with a Mo-
target X-ray tube (! = 0.71073Å) operated at 2000 W power. The crystals were 
mounted on a goniometer head with silicone oil. The detector was placed at a distance 
of 6.00 cm from the crystal. For each experiment a total of 2400 frames were 
collected with a scan width of 0.3° in ! and an exposure time of 20 s/frame. The 
frames were integrated with the Bruker SAINT software package using a narrow-
frame integration algorithm to a maximum 2" angle of 56.54° (0.75 Å resolution). 
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The final cell constants are based upon the refinement of the XYZ-centroids of several 
thousand reflections above 20 #(I). Analysis of the data showed negligible decay 
during data collection. Data were corrected for absorption effects using the empirical 
method (SADABS). 
 
The structures were solved and refined by full-matrix least squares procedures on F2 
using the Bruker SHELXTL (version 6.12) software package. The coordinates of 
heavy atoms were found in direct method E maps. The remaining atoms were located 
after an alternative series of least-squares cycles and difference Fourier maps. 
Hydrogen atoms were included in idealized positions for structure factor calculations.  
Anisotropic displacement parameters were assigned to all non-hydrogen atoms. 
Relevant crystallographic data are summarized in Table 1. Selected bond lengths are 
given in Table 2. 
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Crystallographic Tables for trans-[Rh(L4)2(CO)(Cl)] ( CCDC # 833149) 
 
 
Table 1.  Crystal data and structure refinement. 
Empirical formula  C45 H56 Cl N2 O3 P2 Rh 
Formula weight  873.22 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
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Unit cell dimensions (Å) a = 9.199(2)  a= 90° 
 b = 14.760(3)  b= 90° 
 c = 31.273(7)  g = 90° 
Volume 4246.3(16) Å3 
Z 4 
Density (calculated) 1.366 g/cm3 
Absorption coefficient 0.582 mm-1 
F(000) 1824 
Crystal size 0.12 x 0.02 x 0.02 mm3 
Theta range for data collection 2.39 to 28.40. 
Index ranges -12<=h<=12, -19<=k<=19, -41<=l<=41 
Reflections collected 51112 
Independent reflections 10497 [R(int) = 0.0955] 
Completeness to theta = 28.40° 99.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9885 and 0.9335 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10497 / 462 / 481 
Goodness-of-fit on F2 1.054 
Final R indices [I>2sigma(I)] R1 = 0.0511, wR2 = 0.0858 
R indices (all data) R1 = 0.0706, wR2 = 0.0916 
Absolute structure parameter -0.06(2) 
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Extinction coefficient na 
Largest diff. peak and hole 0.602 and -0.870 e- Å-3 
 
 
Table 2.   Selected bond lengths [Å] and angles [°]. 
_____________________________________________________  
Rh(1)-C(45)  1.811(4) 
Rh(1)-P(1)  2.3004(11) 
Rh(1)-P(2)  2.3191(11) 
Rh(1)-Cl(1)  2.3445(10) 
O(3)-C(45)  1.158(4) 
 
C(45)-Rh(1)-P(1) 87.38(12) 
C(45)-Rh(1)-P(2) 93.07(12) 
P(1)-Rh(1)-P(2) 178.17(4) 
C(45)-Rh(1)-Cl(1) 177.31(12) 
P(1)-Rh(1)-Cl(1) 90.92(4) 
P(2)-Rh(1)-Cl(1) 88.69(3) 
_____________________________________________________________  
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Crystallographic Tables for L2 (CCDC # 701387 
 
 
 
Table 1.  Crystal data and structure refinement for L2. 
Identification code  C17H20NOP 
Empirical formula  C17 H20 N O P 
Formula weight  285.31 
Temperature  193(2) K 
Wavelength  0.71073 % 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 5.6630(9) % ! = 90°. 
 b = 16.205(3) %               " = 92.227(2) °. 
 c = 16.938(3) % ' = 90°. 
Volume 1553.2(4) % 3 
Z 4 
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Density (calculated) 1.220 Mg/m3 
Absorption coefficient 0.173 mm-1 
F(000) 608 
Crystal size 0.12 x 0.10 x 0.05 mm3 
Theta range for data collection 1.74 to 25.00°. 
Index ranges -6<=h<=6, -19<=k<=19, -20<=l<=20 
Reflections collected 15108 
Independent reflections 2737 [R(int) = 0.0414] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9914 and 0.9796 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2737 / 183 / 190 
Goodness-of-fit on F2 1.026 
Final R indices [I>2sigma(I)] R1 = 0.0474, wR2 = 0.1172 
R indices (all data) R1 = 0.0615, wR2 = 0.1270 
Extinction coefficient na 
Largest diff. peak and hole 0.380 and -0.241 e. % -3 
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 Table 2.   Bond lengths [%] and angles [°] for  L2. 
_____________________________________________________  
P(1)-C(7)  1.809(2) 
P(1)-C(1)  1.837(2) 
P(1)-C(15)  1.882(2) 
O(1)-C(15)  1.426(3) 
O(1)-C(16)  1.428(3) 
N(1)-C(12)  1.380(3) 
N(1)-C(15)  1.426(3) 
N(1)-C(14)  1.451(3) 
C(1)-C(6)  1.388(3) 
C(1)-C(2)  1.391(3) 
C(2)-C(3)  1.374(3) 
C(3)-C(4)  1.376(3) 
C(4)-C(5)  1.375(3) 
C(5)-C(6)  1.380(3) 
C(7)-C(8)  1.378(3) 
C(7)-C(12)  1.405(3) 
C(8)-C(9)  1.387(4) 
C(9)-C(10)  1.379(4) 
C(10)-C(11)  1.376(4) 
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C(11)-C(12)  1.389(3) 
C(16)-C(17)  1.459(9) 
C(16)-C(18)  1.484(4) 
C(16)-C(17X)  1.566(10) 
 
C(7)-P(1)-C(1) 101.41(10) 
C(7)-P(1)-C(15) 88.86(10) 
C(1)-P(1)-C(15) 97.77(10) 
C(15)-O(1)-C(16) 115.53(17) 
C(12)-N(1)-C(15) 114.56(18) 
C(12)-N(1)-C(14) 121.8(2) 
C(15)-N(1)-C(14) 118.22(19) 
C(6)-C(1)-C(2) 118.4(2) 
C(6)-C(1)-P(1) 123.50(17) 
C(2)-C(1)-P(1) 118.04(16) 
C(3)-C(2)-C(1) 120.8(2) 
C(2)-C(3)-C(4) 120.2(2) 
C(5)-C(4)-C(3) 119.6(2) 
C(4)-C(5)-C(6) 120.6(2) 
C(5)-C(6)-C(1) 120.3(2) 
C(8)-C(7)-C(12) 120.5(2) 
C(8)-C(7)-P(1) 128.48(18) 
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C(12)-C(7)-P(1) 111.07(16) 
C(7)-C(8)-C(9) 119.7(2) 
C(10)-C(9)-C(8) 119.5(2) 
C(11)-C(10)-C(9) 121.7(2) 
C(10)-C(11)-C(12) 119.1(2) 
N(1)-C(12)-C(11) 126.0(2) 
N(1)-C(12)-C(7) 114.5(2) 
C(11)-C(12)-C(7) 119.5(2) 
O(1)-C(15)-N(1) 107.73(17) 
O(1)-C(15)-P(1) 111.84(15) 
N(1)-C(15)-P(1) 106.35(14) 
O(1)-C(16)-C(17) 121.6(5) 
O(1)-C(16)-C(18) 106.6(2) 
C(17)-C(16)-C(18) 115.0(6) 
O(1)-C(16)-C(17X) 104.0(5) 
C(17)-C(16)-C(17X) 26.7(6) 
C(18)-C(16)-C(17X) 106.7(5) 
_____________________________________________________________  
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Crystallographic Tables for 2.18 (CCDC # 837336) 
 
 
  
Table 1.  Crystal data and structure refinement for 2.18. 
 
Identification code  C18H20NO2P 
Empirical formula  C18 H20 N O2 P 
Formula weight  313.32 
Temperature  173(2) K 
Wavelength  0.71073 % 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 8.2903(7) % a= 90°. 
 b = 11.1262(9) % b= 90°. 
 c = 17.1996(14) % g = 90°. 
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Volume 1586.5(2) % 3 
Z 4 
Density (calculated) 1.312 Mg/m3 
Absorption coefficient 0.180 mm-1 
F(000) 664 
Crystal size 0.13 x 0.10 x 0.03 mm3 
Theta range for data collection 2.18 to 28.32°. 
Index ranges -11<=h<=11, -14<=k<=14, -22<=l<=22 
Reflections collected 19399 
Independent reflections 3921 [R(int) = 0.0222] 
Completeness to theta = 28.32° 99.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9946 and 0.9770 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3921 / 1 / 203 
Goodness-of-fit on F2 1.068 
Final R indices [I>2sigma(I)] R1 = 0.0287, wR2 = 0.0717 
R indices (all data) R1 = 0.0296, wR2 = 0.0728 
Absolute structure parameter 0.67(6) 
Extinction coefficient na 
Largest diff. peak and hole 0.391 and -0.173 e. % -3 
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Table 2.   Bond lengths [%] and angles [°] for 2.18. 
_____________________________________________________ 
P(1)-C(8)  1.8124(13) 
P(1)-C(2)  1.8359(12) 
P(1)-C(1)  1.8810(12) 
O(1)-C(1)  1.4234(14) 
O(1)-C(16)  1.4511(14) 
O(2)-C(14)  1.2133(16) 
N(1)-C(14)  1.3879(16) 
N(1)-C(13)  1.4197(15) 
N(1)-C(1)  1.4574(14) 
C(1)-H(1)  0.957(13) 
C(2)-C(7)  1.3930(17) 
C(2)-C(3)  1.3990(17) 
C(3)-C(4)  1.3893(17) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.3893(18) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.3848(18) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.3922(17) 
C(6)-H(6)  0.9500 
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C(7)-H(7)  0.9500 
C(8)-C(9)  1.3884(17) 
C(8)-C(13)  1.4037(17) 
C(9)-C(10)  1.3941(18) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.3884(19) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.3907(18) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.3965(17) 
C(12)-H(12)  0.9500 
C(14)-C(15)  1.5062(18) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-C(17)  1.5131(17) 
C(16)-C(18)  1.5167(18) 
C(16)-H(16A)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
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C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
 
C(8)-P(1)-C(2) 100.84(5) 
C(8)-P(1)-C(1) 89.02(6) 
C(2)-P(1)-C(1) 100.12(6) 
C(1)-O(1)-C(16) 112.92(9) 
C(14)-N(1)-C(13) 124.52(10) 
C(14)-N(1)-C(1) 121.88(10) 
C(13)-N(1)-C(1) 113.59(10) 
O(1)-C(1)-N(1) 107.08(9) 
O(1)-C(1)-P(1) 110.10(8) 
N(1)-C(1)-P(1) 107.59(7) 
O(1)-C(1)-H(1) 110.4(9) 
N(1)-C(1)-H(1) 110.5(10) 
P(1)-C(1)-H(1) 111.0(10) 
C(7)-C(2)-C(3) 118.95(11) 
C(7)-C(2)-P(1) 121.54(9) 
C(3)-C(2)-P(1) 119.35(9) 
C(4)-C(3)-C(2) 120.24(11) 
C(4)-C(3)-H(3) 119.9 
C(2)-C(3)-H(3) 119.9 
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C(5)-C(4)-C(3) 120.34(11) 
C(5)-C(4)-H(4) 119.8 
C(3)-C(4)-H(4) 119.8 
C(6)-C(5)-C(4) 119.69(12) 
C(6)-C(5)-H(5) 120.2 
C(4)-C(5)-H(5) 120.2 
C(5)-C(6)-C(7) 120.23(12) 
C(5)-C(6)-H(6) 119.9 
C(7)-C(6)-H(6) 119.9 
C(6)-C(7)-C(2) 120.47(12) 
C(6)-C(7)-H(7) 119.8 
C(2)-C(7)-H(7) 119.8 
C(9)-C(8)-C(13) 120.41(12) 
C(9)-C(8)-P(1) 126.87(10) 
C(13)-C(8)-P(1) 112.72(10) 
C(8)-C(9)-C(10) 119.69(12) 
C(8)-C(9)-H(9) 120.2 
C(10)-C(9)-H(9) 120.2 
C(11)-C(10)-C(9) 119.45(12) 
C(11)-C(10)-H(10) 120.3 
C(9)-C(10)-H(10) 120.3 
C(10)-C(11)-C(12) 121.79(12) 
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C(10)-C(11)-H(11) 119.1 
C(12)-C(11)-H(11) 119.1 
C(11)-C(12)-C(13) 118.53(12) 
C(11)-C(12)-H(12) 120.7 
C(13)-C(12)-H(12) 120.7 
C(12)-C(13)-C(8) 120.09(12) 
C(12)-C(13)-N(1) 125.99(11) 
C(8)-C(13)-N(1) 113.92(11) 
O(2)-C(14)-N(1) 122.03(11) 
O(2)-C(14)-C(15) 121.59(11) 
N(1)-C(14)-C(15) 116.38(11) 
C(14)-C(15)-H(15A) 109.5 
C(14)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
C(14)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
O(1)-C(16)-C(17) 106.49(10) 
O(1)-C(16)-C(18) 110.57(10) 
C(17)-C(16)-C(18) 112.62(11) 
O(1)-C(16)-H(16A) 109.0 
C(17)-C(16)-H(16A) 109.0 
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C(18)-C(16)-H(16A) 109.0 
C(16)-C(17)-H(17A) 109.5 
C(16)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
C(16)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
C(16)-C(18)-H(18A) 109.5 
C(16)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(16)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
_____________________________________________________________ 
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Crystallographic Tables for L2-oxide (CCDC # 837337) 
 
Table 1.  Crystal data and structure refinement for L2-oxide. 
Identification code  C14H14NOP 
Empirical formula  C14 H14 N O P 
Formula weight  243.23 
Temperature  100(2) K 
Wavelength  0.71073 % 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
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Unit cell dimensions a = 9.7934(11) % a= 90°. 
 b = 10.0938(11) % b= 
108.5370(10) °. 
 c = 12.8098(14) % g = 90°. 
Volume 1200.6(2) % 3 
Z 4 
Density (calculated) 1.346 Mg/m3 
Absorption coefficient 0.211 mm-1 
F(000) 512 
Crystal size 0.17 x 0.16 x 0.10 mm3 
Theta range for data collection 2.19 to 28.30°. 
Index ranges -13<=h<=13, -13<=k<=13, -16<=l<=17 
Reflections collected 14018 
Independent reflections 2941 [R(int) = 0.0188] 
Completeness to theta = 28.30° 98.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9793 and 0.9651 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2941 / 14 / 196 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0362, wR2 = 0.0954 
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R indices (all data) R1 = 0.0372, wR2 = 0.0964 
Extinction coefficient na 
Largest diff. peak and hole 0.556 and -0.222 e. % -3 
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Table 2.   Bond lengths [%] and angles [°] for L2-oxide. 
_____________________________________________________ 
P(1)-O(1)  1.4894(9) 
P(1)-C(7)  1.7778(11) 
P(1)-C(1)  1.7935(12) 
P(1)-C(14)  1.8246(12) 
N(1)-C(8)  1.3897(15) 
N(1)-C(13)  1.4546(15) 
N(1)-C(14)  1.4621(15) 
C(1)-C(6)  1.3939(16) 
C(1)-C(2)  1.3946(16) 
C(2)-C(3)  1.3901(17) 
C(2)-H(2)  0.966(13) 
C(3)-C(4)  1.3889(19) 
C(3)-H(3)  0.960(13) 
C(4)-C(5)  1.3834(19) 
C(4)-H(4)  0.931(14) 
C(5)-C(6)  1.3915(17) 
C(5)-H(5)  0.944(13) 
C(6)-H(6)  0.937(13) 
C(7)-C(12)  1.3910(15) 
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C(7)-C(8)  1.4069(15) 
C(8)-C(9)  1.4036(16) 
C(9)-C(10)  1.3873(18) 
C(9)-H(9)  0.932(13) 
C(10)-C(11)  1.3881(18) 
C(10)-H(10)  0.957(13) 
C(11)-C(12)  1.3895(17) 
C(11)-H(11)  0.924(13) 
C(12)-H(12)  0.957(13) 
C(13)-H(13A)  0.985(14) 
C(13)-H(13B)  0.955(14) 
C(13)-H(13C)  0.980(14) 
C(14)-H(14A)  0.955(13) 
C(14)-H(14B)  0.976(12) 
 
O(1)-P(1)-C(7) 115.94(5) 
O(1)-P(1)-C(1) 112.20(5) 
C(7)-P(1)-C(1) 109.96(5) 
O(1)-P(1)-C(14) 115.89(5) 
C(7)-P(1)-C(14) 90.48(5) 
C(1)-P(1)-C(14) 110.52(5) 
C(8)-N(1)-C(13) 120.06(10) 
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C(8)-N(1)-C(14) 111.64(9) 
C(13)-N(1)-C(14) 115.92(9) 
C(6)-C(1)-C(2) 119.78(11) 
C(6)-C(1)-P(1) 118.59(9) 
C(2)-C(1)-P(1) 121.59(9) 
C(3)-C(2)-C(1) 120.12(11) 
C(3)-C(2)-H(2) 120.1(10) 
C(1)-C(2)-H(2) 119.8(10) 
C(4)-C(3)-C(2) 119.71(12) 
C(4)-C(3)-H(3) 119.8(10) 
C(2)-C(3)-H(3) 120.4(10) 
C(5)-C(4)-C(3) 120.49(12) 
C(5)-C(4)-H(4) 121.2(11) 
C(3)-C(4)-H(4) 118.3(11) 
C(4)-C(5)-C(6) 120.03(11) 
C(4)-C(5)-H(5) 119.6(10) 
C(6)-C(5)-H(5) 120.4(10) 
C(5)-C(6)-C(1) 119.88(11) 
C(5)-C(6)-H(6) 121.7(10) 
C(1)-C(6)-H(6) 118.4(10) 
C(12)-C(7)-C(8) 121.12(10) 
C(12)-C(7)-P(1) 130.09(9) 
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C(8)-C(7)-P(1) 108.38(8) 
N(1)-C(8)-C(9) 125.51(11) 
N(1)-C(8)-C(7) 114.92(10) 
C(9)-C(8)-C(7) 119.52(11) 
C(10)-C(9)-C(8) 118.14(11) 
C(10)-C(9)-H(9) 120.5(10) 
C(8)-C(9)-H(9) 121.3(10) 
C(9)-C(10)-C(11) 122.51(11) 
C(9)-C(10)-H(10) 119.4(10) 
C(11)-C(10)-H(10) 118.0(10) 
C(10)-C(11)-C(12) 119.46(11) 
C(10)-C(11)-H(11) 118.5(10) 
C(12)-C(11)-H(11) 122.0(10) 
C(11)-C(12)-C(7) 119.21(11) 
C(11)-C(12)-H(12) 122.4(9) 
C(7)-C(12)-H(12) 118.4(9) 
N(1)-C(13)-H(13A) 111.6(11) 
N(1)-C(13)-H(13B) 109.4(11) 
H(13A)-C(13)-H(13B) 108.0(15) 
N(1)-C(13)-H(13C) 110.6(11) 
H(13A)-C(13)-H(13C) 108.4(15) 
H(13B)-C(13)-H(13C) 108.7(15) 
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N(1)-C(14)-P(1) 103.58(7) 
N(1)-C(14)-H(14A) 111.5(10) 
P(1)-C(14)-H(14A) 111.4(10) 
N(1)-C(14)-H(14B) 111.1(9) 
P(1)-C(14)-H(14B) 108.1(9) 
H(14A)-C(14)-H(14B) 110.9(13) 
_____________________________________________________________ 
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Chapter 3. Hydroformylation of Homoallylic Alcohols 
 
3.1 Introduction 
Despite its industrial importance in commodity chemical synthesis, metal-catalyzed 
hydroformylation has found limited application in organic synthesis.  This is mostly 
due to the difficulty in controlling the regio-, and stereoselectivity in the course of the 
reaction.45,1b  While industrial efforts have been focused on the production of the 
linear aldehyde isomer from terminal olefins, controlling selectivity for the branched 
product from terminal olefins and regioselectivity with internal olefins is an ongoing 
challenge.  Successful efforts to address this problem have included the use of 
phosphorous-based directing groups.#,$,Error! Bookmark not defined.,&,Error! 
Bookmark not defined.,',*,#+,##,#%,Error! Bookmark not defined.,#&,#',#(,%+,"+,"# 
However, the use of stoichiometric directing groups comes with the disadvantage of 
requiring installation and removal of the directing functionality and the generation of 
associated byproducts. It would be ideal to retain the selectivity associated with 
directing groups while using them in catalytic quantities. 
 
Scaffolding ligand catalytic cycle 
 
Our work has addressed this problem through the use of scaffolding ligand L2 that 
takes advantage of an exchange reaction between ligand and substrate.  This has the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$)!(a) Breit, B. Acc. Chem. Res. 2003, 36, 264-275.!
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distinct advantage of the ligand forming a covalent bond with a substrate that allows 
for an intramolecular, directed reaction to take place.  The exchange reaction then 
allows for displacement of ligand-bound product by a new molecule of substrate, 
which allows for the ligand to be effective in catalytic quantities. 
 
Figure 3.1 Catalytic cycle with scaffolding ligand L2. 
 
 
A plausible catalytic cycle involving scaffolding ligand L2 is depicted in Figure 3.1.  
A molecule of substrate 3.1 exchanges with the ligand, liberating i-PrOH.  The ligand 
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also binds to a metal catalyst through the phosphorous lone pair (3.2).  This two-point 
binding brings together substrate and catalyst and allows for a selective, 
intramolecular delivery of the metal to the olefin.  Scaffolding ligand L2 has been 
designed such that the phosphorous atom and the olefin are at the proper distance 
from each other to favor an intramolecular chelate46 that leads to the formation of the 
branched aldehyde. 
 
Once the directed reaction has been performed, the ligand-bound product (3.3) can be 
displaced by a new molecule of substrate, which then undergoes the directed reaction, 
and the cycle continues.  The isopropanol generated from the initial exchange of 
substrate with L2 is likely a spectator through the course of the reaction, due to the 
large difference in binding affinity between the primary alcohol substrate and 
isopropanol, with the primary alcohol being an order of magnitude more likely to 
bind the ligand (see Figure 2.8). 
 
 
3.2 Branch- and Diastereoselective Hydroformylation of Homoallylic Alcohols 
 
We chose the homoallylic alcohol substrate 3.1 to begin our investigation into the 
scaffolding ligand directed hydroformylation reaction.  Compound 3.1 is easily 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$&!Jackson and Perlmutter demonstrated that variation in the distance between a phosphorous atom and 
a tethered alkene effected the selectivity observed in the hydroformylation reaction (See Chapter 1, 
Figure 1.5).!
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accessed from styrene oxide and vinyl Grignard (Figure 3.2), and, as outlined above, 
is designed to induce the proper geometry necessary for a branch-selective 
hydroformylation when used in conjunction with the azaphosphole scaffolding 
ligands.  Additionally, the phenyl substituent at the allylic position offers the potential 
for the reaction to proceed with diastereoselectivity, as the branched product formed 
in the hydroformylation reaction will contain two adjacent stereocenters. 
 
Figure 3.2.  Preparation of model substrate 3.1. 
 
 
 
 
One of the challenges our system faces with this substrate is overcoming the inherent 
linear selectivity.  As a measure of the selectivity in the undirected hydroformylation 
of 3.1, a control reaction was run using PPh3 and Rh(acac)(CO)2 (Figure 3.4).  This 
will give an indication of what type of barrier our ligand must overcome to produce 
the branched product selectively.  The control reaction proceeded in quantitative 
conversion, and the lactols formed from the aldehyde products were oxidized with 
PCC to the lactones for ease of analysis, as this eliminates the lactol stereocenter, 
which is not involved in the selectivity determining formation of the other 
stereocenters. 
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A 25:75 regioselectivity was found favoring lactone 3.8, which is derived from the 
linear aldehyde product of the hydroformylation reaction.  This means that our ligand 
must overcome the significant preference for linear product formation.  Furthermore, 
the '-lactone formed as the minor regioisomer resulting from branched 
hydroformylation was obtained with almost no diastereoselectivity being observed 
(Figure 3.3). 
 
Figure 3.3. Control experiment: hydroformylation of 3.1 with PPh3 
 
 
 
 
Optimization of conditions with L1 
 
With the data from the control reaction outlined above, we set out to determine how 
our scaffolding ligand would perform in the hydroformylation reaction.  We were 
confidant that our substrate would effectively exchange with the scaffolding ligand, 
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and we knew that the rhodium source was competent in the hydroformylation reaction 
with PPh3, but the azaphosphole scaffolding ligand structure was a novel architecture 
and as such was an unknown quantity for use in the hydroformylation reaction. 
 
The initial hydroformylation of 3.1 was conducted with L1, the first azaphosphole 
ligand structure we had synthesized.  To our delight, in the presence of 20 mol% of 
L1 with 2 mol% Rh(acac)(CO)2 the hydroformylation of 3.1 in toluene proceeded in 
good conversion with a complete reversal of regioselectivity and with substantially 
increased diastereoselectivity as compared to the control reaction (Figure 3.4, entry 1, 
compared to Figure 3.3).  This result highlights the ability of our scaffolding ligand to 
overcome the inherent selectivity for the production of the linear aldehyde from 
terminal olefin 3.1, as well as the ability of the ligand to enforce a transition state 
where olefin diastereofacial selectivity is high.  An initial screen of solvents showed 
that while toluene was a suitable solvent for the reaction, higher selectivities were 
obtained when the reaction was performed in benzene (Figure 3.4, entry 2).  Hexane 
and THF (Figure 3.4, entries 3 and 4) were also tested, and although the reaction still 
proceeded with complete turnover in regioselectivity and with enhanced 
diastereoselectivity, benzene produced superior results. 
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Figure 3.4. Solvent Screen. 
 
entry solventa conv.b rrc,d drc,e 
1 toluene 78 75:25 86:14 
2 benzene 90 81:19 87:13 
3 hexane 90 74:26 85:15 
4 THF 60 74:26 85:15 
 a) Reactions run at 0.1M [substrate]. 
 b) Conversion determined by 1H NMR using trimethoxybenzene as an internal standard. 
 c) Selectivities determined by GC using hexamethylbenzene as internal standard.  
d) ratio of 5 membered : 6 membered lactones.  
e) ratio of anti:syn 5 membered lactones. 
 
 
Hydroformylation reactions typically employ higher pressures or temperatures than 
we initially tried, and we were pleased that our reaction proceeded under such mild 
conditions.  We sought to push the reaction to complete conversion, but found that 
increasing the temperature to 65 # only led to a decrease in the selectivity of the 
reaction. 
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Figure 3.5. Temperature Screen. 
 
entry temperature conva rrb,c drb,d 
1 45 # 82 84:16 88:12 
2 55 # 90 81:19 87:13 
3 65 # 90 77:23 86:14 
 a) Conversion determined by 1H NMR using trimethoxybenzene as an internal standard. 
 b) Selectivities determined by GC using hexamethylbenzene as internal standard. 
c) ratio of 5 membered : 6 membered lactones.  
d) ratio of anti:syn 5 membered lactones. 
 
 
We investigated the effect that variations in pressure of H2/CO had on the reaction.  
Although the reaction tolerated lower pressures, the selectivities were increased at 
higher pressure (Figure 3.6). 
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Figure 3.6. Pressure Screen. 
 
entry pressure conv.a rrb,c drb,d 
1 50 psi quant. 71:29 86:14 
2 100 psi quant. 76:24 87:13 
3 200 psi quant. 80:20 87:13 
4 300 psi quant. 81:19 87:13 
 a) Conversion determined by 1H NMR using trimethoxybenzene as an internal standard. 
 b) Selectivities determined by GC using hexamethylbenzene as internal standard. 
c) ratio of 5 membered : 6 membered lactones.  
d) ratio of anti:syn 5 membered lactones. 
 
Our reactions were being performed at 0.1 M in substrate, and we sought to increase 
the concentration, and thus reduce the solvent volume required for the reaction.  
Unfortunately, we found that with increasing concentration, our regio- and 
diastereoselectivities suffered, possibly due to an increase in the rate of the undirected 
hydroformylation reaction (Figure 3.7). 
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Figure 3.7. Concentration Screen. 
 
entry [substrate] conva rrb,c drb,d 
1 0.1 M 58 80:20 85:15 
2 0.2 M 63 78:22 86:14 
3 0.3 M 77 75:25 80:20 
 a) Conversion determined by 1H NMR using trimethoxybenzene as an internal standard. 
 b) Selectivities determined by GC using hexamethylbenzene as internal standard. 
c) ratio of 5 membered : 6 membered lactones.  
d) ratio of anti:syn 5 membered lactones. 
 
 
 
As is evident from the screening tables above, our initial studies were plagued by 
ligand batch variability.  We found that under identical conditions, different batches 
of ligand performed differently.  Most apparent from the data is the variation in 
reaction conversion depending on the batch of ligand used.  The initial studies 
outlined above were conducted with ligand that was isolated by pentane extraction 
from the residue of the orthoformate closure step (see Figure 2.6).   
 
We hypothesized that impurities present in the ligand were causing the variability we 
were seeing in the results, and we set out to find an effective purification method for 
the scaffolding ligand.  Attempts were made to crystallize the ligand from the pentane 
extract, but to no avail.  Distillation under typical high vacuum (>150 # @ 0.25 
mmHg) led only to decomposed material.  Fortunately, we found that a vacuum 
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manifold with hollow, vacuum-sealed stopcocks coupled with a good pump (Welch 
1402N) allowed us to reach a vacuum of 0.050 mmHg, and this enabled us to distill 
the ligand in a Kugelrohr oven at 150 #.  Once the ligand was distilled, we found 
that crystallization was possible in pentane at -35 #. 
 
We thought that with higher purity ligand, our results in the hydroformylation 
reaction would increase in both selectivity and yield.  We were dismayed to find that 
somehow this higher purity ligand led to disastrous results.  We found that the 
hydroformylation of substrate 3.1 proceeded in low yield and with selectivities almost 
equal those of the undirected reaction that was run with PPh3 as ligand (Figure 3.8).  
We hypothesized that with the extracted ligand, there was still trace acid left over 
from the orthoformate closure step, and that with distilled ligand this acid was no 
longer present.  We thought that this acid might be catalyzing the exchange reaction 
between ligand and substrate, and thus allowing for the directed hydroformylation to 
occur. 
 
 
 
 
 
 
 
 
 page 157!
Figure 3.8. Distilled L2 used in the hydroformylation of 3.1 with no acid catalyst. 
 
 
To test this hypothesis, we studied the exchange reaction of distilled ligand L1 with i-
PrOH, and found that our hypothesis was correct.  It took 48 h at 45 # for L1 to 
reach equilibrium with i-PrOH (Figure 3.9), whereas the acid catalyzed (0.1 mol% p-
TsOH) exchange reached equilibrium with a t1/2 < 2 h.  With the hydroformylation 
reaction occurring on the order of 16 hours to reach completion with previous batches 
of ligand, this rate of exchange was insufficient for the substrate to pass through a 
directed pathway. 
 
Figure 3.9. Exchange of distilled and crystallized ligand L1 with no acid catalyst. 
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We believed that the amount of acid present in the ligand batches derived from 
pentane extracts of the orthoformate reaction must be relatively low, as the 
condensation reaction was only run with 5% p-TsOH, and we were unable to observe 
any p-TsOH in the 1H NMR spectrum of the ligand.  This led us to screen small 
quantities of p-TsOH in the hydroformylation reaction.  We were pleased to find that 
a loading of 0.1% p-TsOH returned our reaction to being branch- and 
diastereoselective (Figure 3.10, entry 2).  A screen of acid quantities showed an 
optimal acid loading that peaked at 0.2% with good regio- and diastereoselectivity 
and good yield (Figure 3.11, entry 3).  We found that higher acid loadings (Figure 
3.10, entries 4 and 5) led to decreased yields, most likely due to ligand 
decomposition. 
 
Figure 3.10. Acid loading with distilled / crystallized ligand (L2). 
 
entry % p-TsOH rra,b dra,c yielda 
1 0 30:70 52:48 nd 
2 0.1 81:19 88:12 71 
3 0.2 84:16 88:12 85 
4 0.4 84:16 89:11 72 
5 0.6 84:16 89:11 57 
 a) Yield and selectivities determined by GC using hexamethylbenzene as an internal standard. 
b) ratio of 5 membered : 6 membered lactones.  
c) ratio of anti:syn 5 membered lactones. 
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Ligand Screen 
 
With ligand purity issues solved, we were able to explore the nature of the alcohol 
group present on the ligand and how it affected the hydroformylation reaction.  We 
hypothesized that it would be preferential to have a more hindered alcohol substrate 
bound to the ligand before using it in the reaction, as the liberated alcohol would then 
be less likely to compete for ligand binding.  We found that we were able to produce 
both the isopropyl and tert-butyl variants of the ligand from L1.  However, the tert-
butyl variant was isolated in lower yield (25 %), making it more difficult to access 
large quantities of L3 (see Figure 2.6). 
 
With new batches of high purity ligand, we set out to compare L1, L2, and L3 in the 
hydroformylation of model substrate 3.1.  We found that while L1 gave good 
selectivities, use of L2 in place of L1 improved the yield of the reaction while 
maintaining the high regio- and diastereoselectivity of the reaction (Figure 3.11, entry 
3).  This improvement was likely due to an increase in the concentration of ligand-
bound substrate as the isopropanol liberated through substrate exchange with L2 is 
less effective at binding the ligand than is methanol derived from L1.  Unfortunately, 
lowering the ligand loading resulted in decreased yields and selectivities. 
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Figure 3.11. PPh3 and L1, L2, and L3 results. 
 
entry ligand rra,b dra,c yielda 
1 4% PPh3 25:75 42:58 >98 
2 20% L1 81:19 88:12 80 
3 20% L2 84:16 88:12 >98 
4 20% L3 84:16 88:12 92 
5 5% L2 60:40 79:21 53 
6 10% L2 77:23 85:15 71 
 a) Yield and selectivities determined by GC using hexamethylbenzene as an internal standard. 
b) ratio of 5 membered : 6 membered lactones.  
c) ratio of anti:syn 5 membered lactones. 
 
 
3.3 Substrate Preparation 
With optimized conditions in hand, we set out to determine the substrate scope of the 
reaction.  To that end, a variety of homoallylic alcohols were prepared with 
substitution at the allylic position.  To determine if electronic perturbations to the 
phenyl ring at the allylic position affected the hydroformylation reaction, substituted 
aryl compounds 3.11 and 3.12 were prepared from the corresponding aryl Grignard 
reagents and butadiene monoxide (Figure 3.12). 
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Figure 3.12. Preparation of aryl substituted homoallylic alcohols 
 
 
 
 
To further change the electronic nature of the allylic substituent, compound 3.14 with 
a more electron rich cyclohexyl group at the allylic position was prepared from di-
acetoxy compound 3.13 and CyMgBr in the presence of LiBr and CuBr, followed by 
basic removal of the remaining acetyl group (Figure 3.13, eq. 1).  Additionally, a 
compound with a silyl ether at the allylic position was prepared by bis protection of 
diol 3.15 and monodeprotection of the primary silyl ether with PPTS (Figure 3.13, eq. 
2). 
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Figure 3.13. Preparation of 3.14 and 3.17 
 
Terminal olefins are the most commonly used substrates in industrial 
hydroformylation, mainly due to the importance of the linear aldehydes that are 
produced for commodity chemical synthesis, but they are also the more reactive 
substrates when compared to internal olefins.  With the mild conditions under which 
our directed hydroformylation proceeded, we sought to investigate the reaction of 
internal olefins to determine if our system showed reactivity with these more 
challenging substrates.  To that end, disubstituted olefin 3.18 was prepared from 
styrene oxide and the Grignard reagent prepared from cis-bromopropene (Figure 3.14, 
eq. 1).  We wanted to compare both E-and Z-isomers in the hydroformylation 
reaction, but unfortunately starting with trans-bromopropene in place of cis-
bromopropene gave an inseperable mixture of E and Z olefins. 
 
In order to prepare isomerically pure substrates, a new synthetic route was devised, 
and alkynyl alcohol 3.21 was prepared in two steps from 1-hexyne via epoxide 3.20 
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and served as a precursor for both cis- and trans- disubstituted olefins.  
Hydrogenation of 3.21 using Lindlar’s catalyst afforded the Z-disubstituted olefin 
3.22 (Figure 3.14, eq. 3), while Na/NH3 reduction afforded the E-disubstituted olefin 
3.23 (Figure 3.14, eq. 4). 
 
Figure 3.14. Preparation of disubstituted homoallylic alcohols. 
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3.4 Substrate Scope 
 
With a variety of substrates in hand, we examined their reactivities under the 
optimized hydroformylation conditions.  Hydroformylation of substrates with 
electron deficient and electron rich aromatic groups at the allylic position proceeded 
with good regioselectivity and high diastereoselectivity (Figure 3.15, entries 2 and 3).  
A compound with a silyl ether at the allylic position gave high regioselectivity 
(Figure 3.15, entry 4).  Replacement of the phenyl group with the more electron rich 
cyclohexyl group resulted in lower regioselectivity but higher diastereoselectivity 
(Figure 3.15, entry 5).  The high level of diasterocontrol suggests that the reaction is 
proceeding through a directed hydroformylation pathway rather than an unselective 
background reaction.  The lower regioselectivity reflects the difficulty in overcoming 
the inherent substrate selectivity for the linear product, which can be seen in the PPh3 
result (b:l 16:84). 
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Figure 3.15. Substrate Table 
entry substrate major product yielda rrb drb 
1 
 
 
94c 
86:14 
(25:75)d 
89:11 
2 
  
>98 
82:18 
(33:67)d 
87:13 
3 
 
 
86 
84:16 
(29:71)d 
88:12 
4 
 
 
75 
88:12 
(20:80)d 
80:20 
5 
 
 
86 
65:35 
(16:84)d 
87:13 
6 
  
88e,f 
98:2 
(33:66)g 
>98:2 
7 
  
70e,f 
95:5 
(38:62)g 
92:8 
8 
  
69e,f 
94:6 
(40:60)g 
78:22 
  
a) Unless otherwise noted, isolated yield of all lactone products.  b) Regio- (five- to six- membered lactones) and 
diastereoselectivities (anti:syn) were determined by GC of the crude reaction mixtures; reaction time 16 h.  c) With 2 mol% of 
Rh(acac)(CO)2, benzene, 200 psi CO/H2, 20 mol% L2, 45 #, 0.2 mol % p-TsOH; PCC, NaOAc, 3 % mol. sieves.  d) With 2 
mol% of Rh(acac)(CO)2, 4 mol% PPh3, benzene, 45 #; PCC, NaOAc, 3 % mol. sieves.  e) With 6 mol % of Rh(acac)(CO)2, 
benzene, 200 psi CO/H2, 25 mol% L2, 65 #, 0.2 mol% p-TsOH; PCC, NaOAc, 3 % mol. sieves.  f) Isolated yield of only five-
membered ring lactones.  g) With 6 mol% of Rh(acac)(CO)2, benzene, 200 psi CO/H2, 12 mol% PPh3, 65 #; PCC, NaOAc, 3 % 
mol. sieves. 
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3.5 Origin of Diastereoselectivity 
 
The levels of diastereoselectivity observed in the hydroformylation reactions correlate 
well with the size of the substituent at the allylic position.  The high anti-selectivity 
can be rationalized based on a model where A1,3 strain is minimized (Figure 3.16).47  
The substrate adopts a conformation where the allylic substituent is placed away from 
the hydrogen on the terminal olefin, thereby minimizing the penalty of A1,3 strain, and 
this leads to the attached scaffolding ligand binding one face of the olefin selectively, 
which leads to the observed major anti-diastereomer product. 
 
 
 
 
 
 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$'!For a discussion of allylic 1,3-strain as a controlling factor in stereoselective reactions, see: 
Hoffmann, R. W. Chem. Rev. 1989, 89, 1841-1860.!
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Figure 3.16.  A1,3 strain model for diastereoselectivity in the hydroformylation of allylic substituted 
homoallylic alcohols. 
 
 
 
To support this hypothesis we investigated the reaction of Z-disubstituted olefin 3.18.  
This substrate has a methyl group in the place of a hydrogen atom on the terminus of 
the olefin, and as such should lead to a higher diastereoselectivity due to the greater 
steric repulsion with the allylic substituent.  Gratifyingly, hydroformylation of this 
substrate proceeded with enhanced diastereoselectivity (Figure 3.15, entry 6).  To 
determine if the observed high selectivity was unique to a substrate bearing an allylic 
phenyl group, Z-disubstituted olefin 3.22 was prepared with a methyl group in the 
allylic position.  Even with a small methyl group, excellent regio- and 
diastereoselectivities were observed (Figure 3.15, entry 7).  Hydroformylation of E-
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disubstituted olefin 3.23 was also conducted.  The trans-relationship of the E-olefin 
places the terminal methyl substituent away from the allylic substituent, and should 
influence the diastereoselectivity less than the Z-olefin.  As predicted, 
hydroformylation of 3.23 resulted in diminished diastereoselectivity, but maintains 
high regioselectivity (Figure 3.15, entry 8). 
 
3.6 Lower Ligand Loading Investigation 
 
In order to improve the practicality of our scaffolding ligand concept, an investigation 
into the use of lower ligand loadings was conducted by undergraduate student Chris 
Nauser.  Using the yields, regio-, and diastereoselectivities obtained with 20 mol% 
L2 in the hydroformylation of 3.1 as a benchmark (Figure 3.15, entry 1), the reaction 
conditions were re-optimized at 10% loading of L2.  Varying the acid loading again 
showed an optimal amount of 0.2% p-TsOH was necessary for efficient 
hydroformylation (Figure 3.17, entry 4).  Lower acid loadings showed a decrease in 
reaction selectivity, presumably due to slower exchange of substrate onto ligand 
(Figure 3.17, entries 1-3).  Higher loading led to a decrease in yield (Figure 3.17, 
entry 5). 
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Figure 3.17. Acid screen at 10% L2 loading. 
 
entry mol% p-TsOH Conversion (%) rra drb 
1 0.02 96 52:48 73:27 
2 0.05 93 59:41 77:23 
3 0.1 91 71:29 83:17 
4 0.2 81 77:23 85:15 
5 0.4 68 74:26 84:16 
 a) ratio of 5 membered : 6 membered lactones.  
 b) ratio of anti:syn 5 membered lactones. 
 
Lower conversions were seen at lower temperature, with a slight increase in 
selectivity (Figure 3.18).  Changes in reaction pressure had a small effect on 
reactivity and selectivity, with a slight increase in regio- and diastereoselectivities at 
higher pressure (Figure 3.19). 
 
 
 
 
 
 
 
 
 
 
HO
Ph
O OO
O O
Me
Ph
Me
Ph Ph
O
+ +
anti-3.6 syn-3.7 3.83.1
a) 2 mol% Rh(CO)2acac
10 mol% L2
X mol% p-TsOH
CO/H2 (1:1, 200 psi)
Benzene, 45 °C, 16 h
b) PCC, NaOAc,
3 Å mol. sieves, CH2Cl2
 page 170!
Figure 3.18. Temperature screen at 10% L2 loading. 
 
 
entry temperature (#) Conversion (%) rra drb 
1 35 71 83:17 86:14 
2 45 86 80:20 86:14 
3 55 96 79:21 86:14 
 a) ratio of 5 membered : 6 membered lactones.  
 b) ratio of anti:syn 5 membered lactones. 
 
 
Figure 3.19. Pressure screen at 10% L2 loading. 
 
entry pressure H2/CO (psi) Conversion (%) rr
a drb 
1 50 79 76:24 85:15 
2 200 71 83:17 86:14 
3 300 75 84:16 87:13 
4 400 71 84:16 87:13 
 a) ratio of 5 membered : 6 membered lactones.  
 b) ratio of anti:syn 5 membered lactones. 
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Although lower yielding, the optimized reaction conditions for 10% L2 loading 
afforded similar regio- and diastereoselectivities to those found with 20% L2 (Figure 
3.20). 
 
Figure 3.20. Comparison of original conditions and conditions optimized at 10% L2. 
 
 
entry conditions yield (%)a rra dra 
1 Ab 94 86:14 89:11 
2 Bc 75 84:16 87:13 
                               a) Yield of lactone products, regio- (five- to six-membered 
                               lactones) and diastereoselectivities (anti:syn) were determined by 
                               GC analysis of the crude reaction mixtures. b) With 20 mol% L2,  
                              200 psi H2/CO, 45 #, 0.2 mol% p-TsOH. c) With 10 mol% L2,  
                              300 psi H2/CO, 35 #, 0.2 mol% p-TsOH. 
 
 
3.7 Enantioselective Hydroformylation with L4 
 
Having shown that our scaffolding ligand was effective at controlling the regio- and 
diastereoselectivity in the hydroformylation reaction, we were interested in 
developing an asymmetric variant of the reaction.  As was discussed in Chapter 2, we 
were able to overcome the issue of epimerization of the ligand by thermodynamic 
gearing of the ligand stereocenters, effectively accessing an enantioenriched ligand 
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that would retain a thermodynamically favored configuration while undergoing the 
reaction necessary for substrate exchange. 
 
It was disclosed by members of our group that chiral scaffolding ligand L4 was 
effective in the asymmetric hydroformylation of PMP-protected allylic amines.48  
Using 15 mol% of L4 under mild conditions, "-amino-aldehyde products were 
produced in good yields and high enantioselectivities (Figure 3.21). 
 
Figure 3.21. Catalytic enantioselective hydroformylation of PMP-protected allylic amines. 
 
 
 
In light of these results, preliminary investigations into the enantioselective 
hydroformylation of homoallylic alcohols were carried out with L4.  
Hydroformylation of terminal olefin 3.24 resulted in the selective formation of the 
branched hydroformylation product, and showed modest enantioenrichment (Figure 
3.22, entry 1).  The hydroformylation of Z- and E-disubstituted olefins 3.25 and 3.26 
exibited slightly higher enantioselectivities than did the terminal olefin 3.24 (Figure 
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3.22, entries 2 and 3).  Hydroformylation of cyclohexadiene substrate 3.27 resulted in 
the highest observed enantioselectivity for the homoallylic alcohols tested, with a 
value of 55% ee (Figure 3.22, entry 4).  These results are encouraging, as they show 
that homoallylic alcohols are suitable substrates for enantioselective 
hydroformylation.  We are confident that with appropriate modifications to the ligand 
structure, highly enantioselective reactions will be possible. 
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Figure 3.22. Hydroformylation of homoallylic alcohols with L4. 
 
 
 
 
entry substrate major product conversion rr ee 
1 
 
 
quant. 
76:24 
(34:66) 
39% 
2 
 
 
44% 
98:2 
(59:41) 
42% 
3 
 
 
40% 
97:3 
(59:41) 46% 
4 
  
80% nd 55% 
a) Conversion determined by 1H NMR using trimethoxybenzene as an internal standard. 
b) Ratio of 5 membered : 6 membered lactones. 
c) Determined by chiral stationary phase GC. 
d) With 2 mol% of Rh(acac)(CO)2, benzene, 200 psi CO/H2, 4 mol% PPh3, 45 #; PCC, NaOAc, 3 % mol. sieves. 
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3.8 Hydroformylation of Optically Enriched Homoallylic Alcohols with L4 
 
Having accessed enantioenriched scaffolding ligand, we decided to investigate the 
hydroformylation of optically enriched homoallylic alcohols, to determine if there 
was a matched/mismatched relationship between the ligand and substrate.  Optically 
enriched styrene oxides were prepared via hydrolytic kinetic resolution using a 
cobalt-salen catalyst, and from these were prepared the R and S enantiomers of 
homoallylic alcohol 3.1.  These alcohols were exchanged onto chiral ligand L4, and 
were then subjected to hydroformylation conditions. We would have expected one of 
the enantiomers to show increased levels of selectivity, and the other to have 
diminished selectivity.  Surprisingly, the reactions proceeded with a rather modest 
difference in selectivities.  This may be due to rotation of the substrate above the 
plane of the ligand, allowing for binding of either diastereotopic olefin face.  The 
observed high enantioselectivities in the hydroformylation of PMP protected allylic 
amines may be a result of restricted substrate rotation, favoring a conformation where 
only one olefin face is able to bind to the metal catalyst. 
 
 
 
 
 
 
 
 page 176!
Figure 3.23. Hydroformylation of enantioenriched homoallylic alcohols with L4. 
 
 
 
entry substrate 
major 
product 
yield rr dr 
1 
 
 
60 85:15 87:13 
2 
  
53 81:19 85:15 
 
 
3.9 Conclusions 
 
We have developed a novel class of compounds that we have termed scaffolding 
ligands that we have applied to the selective hydroformylation of homoallylic 
alcohols.  These ligands are able to reversibly and covalently bind to alcohol 
substrates, and have been designed to induce the selective formation of metallocycles 
that lead to branched hydroformylation products.  These ligands are operative under 
mild conditions and due to the reversible nature of the substrate binding are effective 
in catalytic quantities.  This reduces the overall amount of phosphine compounds 
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needed to effectively direct the reaction, and obviates the need for installation or 
removal of a directing functionality in separate chemical transformations.  These 
ligands have been shown to be highly effective at producing branched aldehyde 
products from terminal olefins, whose inherent selectivity is for the linear aldehyde.  
With substitution at the allylic position, these substrates undergo hydroformylation 
with high diastereoselectivity, and a model based on A1,3 strain has been proposed to 
explain the origin of the diastereoselectivity.  We have also designed a version of the 
scaffolding ligand that takes advantage of the thermodynamic gearing of adjacent 
stereocenters to produce a ligand that significantly favors one stereoisomer even 
under the conditions of substrate exchange.  A preliminary investigation has shown 
this ligand to be competent in the asymmetric hydroformylation of homoallylic 
alcohols.   
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3.10 Experimental Details 
 
General Considerations 
Unless otherwise noted, all reagents were obtained from commercial suppliers and 
used without further purification.  Lithium reagents were titrated against 2-pentanol 
using 1,10-phenanthroline as the indicator.  Flash column chromatography was 
performed using EMD Silica Gel 60 (230-400 mesh) and ACS grade solvents as 
received from Fisher Scientific.  All experiments were performed in oven or flame 
dried glassware under an atmosphere of nitrogen or argon using standard syringe and 
cannula techniques, except where otherwise noted.  All reactions were run with dry, 
degassed solvents dispensed from a Glass Contour Solvent Purification System (SG 
Water, USA LLC).  1H, 13C, and 31P NMR were performed on either a Varian Gemini-
2000 400 MHz or a Varian Unity 300 MHz instrument.  Deuterated solvents were 
purchased from Cambridge Isotope Labs and stored over 3Å molecular sieves.  C6D6 
was degassed by three successive freeze-pump-thaw cycles and stored over 3Å 
molecular sieves in a dry box under a nitrogen atmosphere.  All NMR chemical shifts 
are reported in ppm relative to residual solvent for 1H and 13C and external standard 
(neat H3PO4) for 
31P NMR.  Coupling constants are reported in Hz.  All IR spectra 
were gathered on a Bruker Alpha FT-IR equipped with a single crystal diamond ATR 
module and values are reported in cm!1.  All GC analyses were performed on an 
Agilent Technologies 7890A GC System.  HRMS and X-ray crystal structure data 
were generated in Boston College facilities.  Hydroformylation was performed in an 
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Argonaut Technologies Endeavor" Catalyst Screening System using 1:1 H2/CO 
supplied by Airgas, Inc. 
 
Substrate Syntheses 
 
The following compounds were made according to literature procedures and matched 
reported spectra: 2-cyclohexylbut-3enyl acetate,49 2-(tert-butyldimethylsilyloxy)but-
3-en-1-ol,50 2-(4-methoxyphenyl)but-3-en-1-ol,51 2-(4-chlorophenyl)but-3-en-1-ol,52 
cyclohexa-2,5-dien-1-ylmethanol53 
 
 
 
 
2-Phenylbut-3-en-1-ol (3.1).  To a flame dried 250 mL round bottom flask was 
added THF (43 mL), styrene oxide (3.4 g, 28.8 mmol), and CuCl(COD) (586 mg, 
2.83 mmol, COD = cyclooctadiene).  The solution was cooled to !78 °C and vinyl 
magnesium bromide (42.4 mL, 1 M, 42.4 mmol) was added slowly down the inside of 
the flask via syringe.  The reaction was stirred overnight while slowly warming to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
49 Carpita, A.; Rossi, R.  Synthesis, 1982,  6,  469-71. 
50 Kobayashi, S.; Alizadeh, B. H.; Sasaki, S.; Oguri, H.; Hirama, M.  Org. Lett., 2004, 6, 751-754.  
51 Ent, H.; De Koning, H.; Speckamp, W. N.  J. Org. Chem., 1986, 51, 1687-91.  
52 Ent, H.; De Koning, H.; Speckamp, W. N. J. Org. Chem., 1986, 51, 1687-91.  
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room temperature.  The reaction was cooled in an ice water bath and carefully 
quenched with NH4Cl (sat. aq.), extracted with diethyl ether, dried over anhydrous 
sodium sulfate, filtered, and concentrated.  Chromatography (10% EtOAc / Hexanes) 
followed by Kugelrohr distillation (68-75 °C @ 0.50 mmHg) afforded a clear oil 
(1.77 g, 41%).  1H NMR (400 MHz) & 7.38-7.32 (m, 2H), 7.29-7.23 (m, 3H), 6.02 
(ddd, 1H, J = 17.2, 10.4, 7.9), 5.24-5.18 (m, 2H), 3.86-3.80 (m, 2H), 3.54 (app q, 1H, 
J = 7.2), 1.58 (br s, 1H);  13C NMR (100 MHz) & 140.8, 138.4, 128.9, 128.1, 127.1, 
117.2, 66.2, 52.7;  IR: 3357, 3081, 3029, 2929, 2876, 1638, 1601, 1493, 1453, 1054, 
919, 756, 700 cm–1;  HRMS (DART-TOF) calcd. for C10H16NO
+ [M+NH4]
+: 
166.1232, found: 166.1228. 
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(R)-2-Phenylbut-3-en-1-ol ((R)-3.1). (R,R)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-
1,2-cyclohexanediaminocobalt(II) (0.210 g, 0.33 mmol) was dissolved in methylene 
chloride (4 mL) and treated with acetic acid (1 mL).  This solution was stirred for 30 
min. then concentrated to a brown residue.  This residue was dissolved in THF (0.4 
mL) and styrene oxide (5.00 g, 41.7 mmol) was added.  The reaction was cooled in an 
ice water bath and water (0.415 mL) was added to the reaction.  The reaction was 
stirred for 72 h and the product was distilled (40 # oil bath, 0.25 mmHg), and 
purified on silica gel (1% ethyl acetate in hexanes) resulting in 1.10 g (22%) of (R)-
styrene oxide.   
(R)-styrene oxide (1.10 g, 9.16 mmol) was added to a flame dried 100 mL round 
bottom flask and THF (14 mL) was added.  CuCl(COD) (0.190 g, 0.916 mmol) was 
added and the reaction cooled in a dry ice/acetone bath.  Vinylmagnesium bromide 
(13.7 mL, 1M) was added and the reaction was stirred 12 h.  The reaction was 
quenched with sat. aq. ammonium chloride, extracted with diethyl ether (3 x 100 
mL), and dried over anhydrous sodium sulfate.  Purification on silica gel afforded 300 
mg (22%) of a pale yellow oil whose spectra matched those reported above.  GC 
analysis was performed on a BDEX120 column (30 m x 0.25 mm x 0.25 um) at a 
temperature of 100 #, detection was by FID:  27.8 min (area = 26.3), 28.3 min (area 
= 1477.5), 96% ee. 
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(S)-2-Phenylbut-3-en-1-ol ((S)-3.1) was prepared as above, except using (S,S)-N,N'-
Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminocobalt(II), and distillation 
and chromatography afforded 361 mg (14%) (S)-styrene oxide, and (S)- 2-Phenylbut-
3-en-1-ol was isolated in 44% yield (200 mg).  GC analysis as above: 27.5 min (area 
= 1239.6), 28.6 min (area = 38.9), 94% ee. 
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2-Cyclohexylbut-3-en-1-ol (3.14).  2-Cyclohexylbut-3-enyl acetate (392 mg, 2.0 
mmol) was dissolved in MeOH / Et2O (1:1, 10 mL) and added to an aqueous solution 
of KOH (10 mL, 1N) at 0 °C.  The solution was stirred for 2 h at 0 °C and 1 h at room 
temp.  The solution was extracted with ethyl acetate, dried over anhydrous sodium 
sulfate, and concentrated to a clear oil (250 mg, 81%).  1H NMR (CDCl3, 400 MHz) 
#  5.60 (ddd, 1H, J = 17.2, 10.1, 7.0), 5.16 (dd, 1H, J = 10.2, 2.2), 5.08 (ddd, 1H, J = 
17.2, 2.0, 0.7), 3.67 (dd, 1H, J = 10.8, 5.1), 3.42 (dd, 1H, J = 10.8, 9.2), 2.06-1.97 
(m, 1H), 1.74-1.57 (m, 5H), 1.42 (br s, 1H), 1.39-1.24 (m, 1H), 1.24-1.06 (m, 3H), 
1.06-0.86 (m, 2H);  13C NMR (CDCl3, 100 MHz) # 138.8, 118.2, 63.6, 53.2, 38.7, 
31.3, 30.5, 26.8, 26.64, 26.62;  IR: 3355, 2922, 2852, 1448, 1054, 1015, 997, 912 cm–
1;  HRMS (DART-TOF) calcd. for C10H22NO
+ [M+NH4]
+:172.1701, found: 172.1696. 
OH
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(Z)-2-Phenylpent-3-en-1-ol (3.18).  A 250 mL round bottom flask with a cold finger 
was charged with magnesium turnings (1.176 g, 48.4 mmol) and flame dried.  The 
cold finger was filled with a dry ice/acetone bath.  THF (30 mL), an iodine crystal, 
and cis-1-bromo-propene (5.0 g, 41.3 mmol) were added to the flask and the solution 
exothermed and turned yellow.  A separate 250 mL round bottom flask was flame 
dried and charged with a solution of copper (I) iodide (0.263 g, 1.38 mmol) in diethyl 
ether (10 mL) and cooled to !78 °C.  After allowing the Grignard solution to cool to 
25 °C, it was cannula filtered into the copper iodide solution.  The resulting solution 
was stirred for 30 min. and then styrene oxide (1.66 g, 13.8 mmol) was added slowly 
via syringe.  The solution was stirred overnight allowing to warm to room 
temperature.  The solution was cooled to 0 °C and NH4Cl (sat. aq.) was added.  [Use 
caution; a delayed exotherm occurs when quenching.  Add NH4Cl slowly.]  The 
aqueous layer was extracted three times with diethyl ether, dried over anhydrous 
magnesium sulfate, filtered, and concentrated.  Chromatography (20% EtOAc / 
Hexanes), followed by Kugelrohr distillation afforded a clear liquid (1.006 g, 45%).  
1H NMR (CDCl3, 400MHz) & 1.46 (br s, 1H), 1.61 (dd, 3H, J = 6.8, 1.7), 3.70 (dd, 
1H, J = 10.4, 7.5), 3.71 (dd, 1H, J = 10.4, 6.8), 3.80-3.73 (m, 1H), 5.53 (ddq, 1H, J = 
11.0 10.8, 1.7), 5.63 (dqd, 1H, J = 10.8, 7.0, 1.1), 7.26-7.13 (m, 5H);  13C NMR 
(CDCl3, 100MHz) & 141.7, 130.1, 128.8, 127.8, 127.4, 126.8, 67.1, 46.2, 13.5;  IR: 
OH
Me
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3370, 3026, 2920, 2874, 1492, 1048, 757, 698, 630, 527 cm–1;  HRMS (DART-TOF) 
calcd. for C11H13
+ [M!OH]+: 145.1012, found: 145.1045. 
 
HO
MePh
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Synthesis of (Z)-2-Methyloct-3-en-1-ol and (E)-2-Methyloct-3-en-1-ol 
 
 
 
 
 
 
 
2-(Hex-1-ynyl)-2-methyloxirane (3.20).  To a flame dried 500 mL three neck round 
bottom flask was added THF (150 mL) and 1-hexyne (7.0 mL, 60.9 mmol).  The 
solution was cooled to !30 °C and nBuLi (40.5 mL, 1.58 M, 63.99 mmol) was added 
over 10 minutes.  After stirring for 30 minutes at !30 °C the reaction was cooled to 
!78 °C and chloroacetone (5.2 mL, 95% purity, 62.1 mmol) was added drop-wise 
over 10 minutes, resulting in a light pink solution.  The solution was stirred at !78 °C 
for 45 minutes then was removed from the cold bath and allowed to stir overnight.  
The reaction was poured onto a mixture of NH4Cl (60 mL, sat. aq.) and ice (100 mL) 
and extracted with diethyl ether (3 x 100 mL).  The organics were combined, washed 
with brine, dried over anhydrous magnesium sulfate, filtered, and concentrated.  The 
OH
Bu
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Bu
O
BuBu
OH
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O
Me
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crude residue was distilled (65-71 °C @ 4 mmHg), affording a clear liquid (4.92 g, 
58%).  1H NMR (CDCl3, 400 MHz) # 2.92 (d, 1H, J = 5.6), 2.68 (d, 1H, J = 5.6), 
2.14 (t, 2H, J = 7.2), 1.48 (s, 3H), 1.47-1.30 (m, 4H), 0.86 (t, 3H, J = 7.2);  13C NMR 
(CDCl3, 100 MHz) # 83.2, 79.6, 55.7, 47.7, 30.7, 23.5, 22.1, 18.5, 13.7; IR: 3450, 
2960, 2935, 2873, 1736, 1680, 1459, 1380, 1337, 1272, 1068, 834 cm–1;  HRMS 
(DART-TOF) calcd. for C9H15O
+ [M+H]+: 139.1123, found: 139.1124. 
 
 
 
 
O
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2-Methyloct-3-yn-1-ol (3.21).  To a flame dried 250 mL three neck round bottom 
flask was added THF (60 mL) and diisobutylaluminum hydride (9.66 mL, 54.2 
mmol).  The solution was cooled to !30 °C and 2-(hex-1-ynyl)-2-methyloxirane (6.82 
g, 49.3 mmol) was added drop-wise as a solution in THF (10 mL), keeping the 
internal temperature below !20 °C.  The reaction was allowed to stir at !20 °C for 30 
minutes at which time the reaction was transferred to an ice water bath and stirred an 
additional 30 minutes. The reaction was poured onto a mixture of NH4Cl (60 mL, sat. 
n-butyl
O
Bu
Me
OH
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aq.) and ice (100 mL).  Rochelle’s salt (50 mL, 1 M) and brine (20 mL) were added 
and the aqueous layer was extracted with diethyl ether (5 x 100 mL).  The combined 
organics were washed with brine, dried over anhydrous magnesium sulfate, filtered, 
and concentrated.  Distillation (95 °C @ 0.50 mmHg) resulted in a clear oil (5.4 g, 
78%).  1H NMR (CDCl3, 400 MHz) # 3.43 (dd, 1H, J = 10.2, 5.5), 3.36 (dd, 1H, J = 
10.2, 7.1), 2.61 (m, 1H), 2.14 (t, 2H, J = 7.2), 1.96 (br s, 1H), 1.49-1.32 (m, 4H), 1.10 
(d, 3H, J = 7.2), 0.88 (t, 3H, J = 7.2);  13C NMR (CDCl3, 100 MHz) # 82.8, 81.5, 
67.3, 31.3, 29.8, 22.1, 18.6, 17.5, 13.8;  IR: 3352, 2960, 2935, 2874, 1458, 1379, 
1220, 1046 cm–1;  HRMS (DART-TOF) calcd. for C9H17O
+ [M+H]+: 141.1279, 
found: 141.1287. 
 
OH
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(Z)-2-Methyloct-3-en-1-ol (3.22).  To a flame dried 50 mL round bottom flask was 
added 2-methyloct-3-yn-1-ol (1.26 g, 8.99 mmol), absolute ethanol (13 mL), 
Lindlar’s catalyst ( 5 wt%, 63 mg) and three drops freshly distilled quinoline.  A 
hydrogen balloon with a three way adaptor was attached and the flask was put under 
brief vacuum and backfilled with hydrogen (repeated four times).  The reaction was 
allowed to stir at room temperature overnight.  The reaction mixture was filtered 
through celite and concentrated.  Chromatography (5% EtOAc / Hexanes) resulted in 
a pale yellow oil (628 mg, 49%).  1H NMR (CDCl3, 400 MHz) # 5.43 (dt, 1H, J = 
n-butyl
OH
OH
MeBu
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10.8, 7.4), 5.09 (app t, 1H, J = 10.4), 3.48-3.42 (m, 1H), 3.30 (dd, 1H, J = 10.4, 8.4), 
2.75-2.63 (m, 1H), 2.12-2.00 (m, 2H), 1.51-1.45 (br s, 1H), 1.36-1.22 (m, 4H), 0.92 
(d, 3H, J = 6.8), 0.87 (t, 3H, J = 6.8);  13C NMR (CDCl3, 100 MHz) # 132.5, 132.0, 
67.9, 35.0, 32.3, 27.6, 22.5, 17.2, 14.1;  IR: 3358, 3321, 2958, 2926, 2872, 2364, 
2332, 1457, 1034 cm–1;  HRMS (DART-TOF) calcd. for C9H22NO
+ [M+NH4]
+: 
160.1701, found: 160.1704. 
 
Bu Me
OH
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(E)-2-Methyloct-3-en-1-ol (3.23).  A flame dried 100 mL three neck round bottom 
flask with dry ice condenser was charged with ammonia (7.2 mL).  The flask was 
cooled to !30 °C and sodium (328 mg, 14.3 mmol) was added and allowed to stir for 
15 minutes.  2-methyloct-3-yn-1-ol (500 mg, 3.6 mmol) was added slowly and the 
reaction was allowed to stir for three hours.  The reaction was quenched with solid 
NH4Cl (10 eq.) and the ammonia was allowed to evaporate.  The crude reaction 
mixture was diluted with water and extracted with CH2Cl2.  GC analysis of the crude 
Bu Me
OH
OH
Me
Bu
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reaction mixture showed incomplete conversion.  The crude residue was resubjected 
to the same reaction conditions.  Chromatography (5% EtOAc / Hex) afforded a clear 
oil (250 mg, 49%).  1H NMR (CDCl3, 400 MHz) & 5.44 (tdd, 1H, J = 15.4, 6.8, 0.9), 
1.6 (ddt, 1H, J = 15.4, 7.9, 1.5), 3.39 (ddd, 1H, J = 10.4, 7.9, 5.5), 3.25 (ddd, 1H, J = 
10.4, 7.9, 4.4), 2.23-2.19 (m, 1H), 1.96-1.91 (m, 2H), 1.32-1.19 (m, 5H), 0.88 (d, 3H, 
J = 6.8), 0.80 (d, 3H, J = 7.1); 13C NMR (CDCl3, 100 MHz) & 132.5, 132.3, 67.5, 
39.9, 32.5, 31.9, 22.4, 16.8, 14.1;  IR: 3336, 2957, 2925, 2872, 1457, 1378, 1034, 968 
cm–1;  HRMS (DART-TOF) calcd. for C9H19O
+ [M+H]+: 143.1436, found: 143. 1427. 
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GC Analysis Methods 
 
 
GC Method A.  An Agilent Technologies 7890A GC System equipped with a 7683B 
Series Injector was used to introduce samples into a J&W Scientific column (HP-5, 
30 m, 0.320 mm ID, 0.25 µm film).  The GC was run at 140 °C for 6 minutes, then 
the temperature was ramped at 40 °C/min. to a final temperature of 300 °C.  
Detection was by FID and data was worked up with Agilent Technologies GC 
HO
Me
Bu
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ChemStation software (Rev.B.03.01-SR1).  Retention times are reported in minutes 
and areas in pA*s. 
 
GC Method B.  Identical to GC Method A, except the GC was started at 120 °C for 8 
minutes, then the temperature was ramped at 40 °C/min. to a final temperature of 300 
°C. 
 
 
Optimization of Branch Selective Hydroformylation 
 
 
General Optimization Procedure.  The Endeavor was charged with 700 uL of 
benzene per reaction well to fill the void volume between reactor wall and reaction 
tube, and oven dried glass reaction vials were placed in the Endeavor.  The Endeavor 
was sealed and purged with nitrogen (4 x 100 psi).  The necessary injection(s) were 
made (see below).  The Endeavor was purged with nitrogen (1 x 100 psi), stirring was 
started at 250 rpm, and the Endeavor was heated to and held at 45 °C for 10 minutes.  
Stirring was stopped, the Endeavor was charged with 200 psi H2/CO, stirring was re-
initiated at 700 rpm., and the Endeavor was maintained at a constant temperature and 
pressure of 45 °C and 200 psi H2/CO for 16 h.  The Endeavor was vented to ambient 
pressure and cooled to ambient temperature.  The reaction was removed from the 
Endeavor and a solution of hexamethylbenzene (see table below for amounts) was 
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added and the sample was concentrated.  The crude residue was dissolved in CH2Cl2 
and pyridinium chlorochromate (3 eq.), sodium acetate (0.5 eq.), and 3Å molecular 
sieves were added and the solution was agitated on an orbital shaker for 12 hours.  
The reaction was eluted through a plug of silica gel (50% EtOAc / Hex).  GC analysis 
of the solutions following GC Method A was used to determine yields and 
selectivities.  The sample was compared to hexamethylbenzene (retention time: 5.26 
min.) as an internal standard. 
 
 
Optimization Procedure A.  A solution of 2-phenylbut-3-en-1-ol (29.6 mg, 0.2 
mmol), triphenylphosphine (4.0 mol%, 2.1 mg, 0.008 mmol), 
dicarbonylacetylacetonato rhodium (I) (2.0 mol%, 1.03 mg, 0.004 mmol), and 
benzene (2.0 mL) was prepared in a dry box and injected into the Endeavor via 
syringe.  
 
Optimization Procedure B.  A solution of 2-phenylbut-3-en-1-ol (44.5 mg, 0.3 
mmol), ligand L1 (20 mol %, 15.4 mg, 0.06 mmol), dicarbonylacetylacetonato 
rhodium (I) (2.0 mol%, 1.5 mg, 0.006 mmol), p-toluene sulfonic acid (0.2 mol%, 
0.923 mL, 0.00065 M), and benzene (2.08 mL) was prepared in a dry box and 
injected into the Endeavor via syringe.  
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Optimization Procedure C.  Identical to Optimization Procedure B, substituting 
ligand L3 (20 mol%, 18.0 mg, 0.06 mmol) for ligand L1. 
 
Optimization Procedure D. A solution of 2-phenylbut-3-en-1-ol (133.5 mg, 0.90 
mmol), dicarbonylacetylacetonato rhodium (I) (2.0 mol%, 4.65 mg, 0.018 mmol), p-
toluene sulfonic acid (0.2 mol%, 2.77 mL, 0.00065 M), and benzene (0.23 mL) was 
prepared in a dry box and taken up into a 5 mL gas tight syringe.  1.0 mL of this 
solution was added to each of three reaction vessels.  A solution of ligand L2 (0.06 M 
in benzene) was prepared in a dry box and taken up into a 2.5 mL gas tight syringe.  
This solution was added in varied amounts to the reaction tubes (0.25 mL, 0.50 mL, 
or 1.0 mL respectively) and the injector ports washed with benzene (1.75 mL, 1.50 
mL, or 1.00 mL respectively). 
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GC Response Factors 
 
 
Peak Retention Time (min.) Response Factor Compound 
1 5.26 --- hexamethylbenzene 
2 6.87 1.24 ± 0.02 
 
3 7.03 1.26 ± 0.05 
 
4 8.09 1.20 ± 0.02 
 
     Data Generated Using GC Method A 
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Optimization Data 
 
 
Entry 
Procedure Std. 
(mmol) 
Area 
(Peak 1) 
Area 
(Peak 2) 
Area 
(Peak 3) 
Area 
(Peak 4) 
1 A 0.02126 48.4 48.1 66.0 314.0 
2 B 0.02126 12.4 82.9 12.0 26.3 
2dup B 0.02000 14.8 97.8 12.8 22.7 
3 D 0.02126 11.4 97.3 12.4 20.9 
3dup D 0.02126 12.5 103.2 13.3 22.6 
4 C 0.02126 12.6 104.1 14.0 23.4 
4dup C 0.02126 12.2 89.3 11.4 19.6 
5 D 0.0200 15.2 49.6 12.4 35.3 
6 D 0.0200 6.6 36.5 5.7 12.5 
Note: Areas are uncorrected for response factors.   
 
 
Hydroformylation Using Ligand L2 
 
Hydroformylation General Procedure A.  The Endeavor was charged with 700 uL 
of benzene to fill the void volume between reactor wall and reaction tube, and an 
oven dried glass reaction vial containing substrate (0.6 mmol) was placed in the 
Endeavor.  The Endeavor was sealed and purged with nitrogen (4 x 100 psi).  In a dry 
box a solution of dicarbonylacetylacetonato rhodium (I)  (2 mol%, 3.1 mg, 0.012 
mmol), ligand L2 (20 mol%, 34.2 mg, 0.12 mmol), a solution of anhydrous p-toluene 
sulfonic acid (0.2 mol%, 2.0 mL, 0.00060 M) and benzene (3 mL) were combined in 
a syringe.  This solution was taken out of the dry box and injected into the Endeavor.  
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An additional 1 mL of benzene was added to wash the injection port.  The Endeavor 
was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, and the 
Endeavor was heated to and held at 45 °C for 10 minutes.  Stirring was stopped, the 
Endeavor was charged with 200 psi H2/CO, stirring was re-initiated at 700 rpm, and 
the Endeavor was maintained at 45 °C and 200 psi H2/CO for 16 h.  The Endeavor 
was vented to ambient pressure and cooled to ambient temperature.  The sample was 
removed, treated with MeOH (1 mL) and concentrated.  The crude residue was 
dissolved in CH2Cl2 (12 mL) and pyridinium chlorochromate (3 eq., 388 mg, 1.8 
mmol), sodium acetate (0.5 eq., 24.6 mg, 0.3 mmol), and 3Å molecular sieves (1.25 
g, 4-8 mesh) were added and the solution was agitated on an orbital shaker for 12 
hours.  The reaction mixture was eluted through a plug of silica gel (50% EtOAc / 
Hex) and concentrated. 
 
Hydroformylation General Procedure B.  Identical to General Procedure A, except 
using dicarbonylacetylacetonato rhodium (I) (6 mol%, 9.3mg, 0.036mmol), ligand L2 
(25 mol%, 42.8 mg, 0.15 mmol) and a reaction temperature of 65 °C. 
 
Hydroformylation General Procedure C.  Identical to General Procedure B, except 
substituting triphenylphosphine (12 mol%, 18.9 mg, 0.072 mmol) for ligand L2. 
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Figure 3.15, Entry 1: 
 
2-Phenylbut-3-en-1-ol was hydroformylated using General Procedure A.  Analysis of 
the crude reaction mixture using GC Method A gave three peaks: 6.87 min. (area = 
279.8), 7.03 min. (area = 34.1), 8.09 (area = 51.6).   Chromatography (10-30% EtOAc 
/ Hex) afforded the following compounds:  
  
 
 
 
anti-3-Methyl-4-phenyldihydrofuran-2(3H)-one. (72 mg, 68%). GC Method A: 
6.87 min.; 1H NMR (CDCl3, 400 MHz) # 7.35 (t, 2H, J = 7.6), 7.28 (d, 1H, J = 7.2), 
7.23 (d, 2H, J = 8.4), 4.50 (dd, 1H, J = 9.2, 8.8), 4.10 (dd, 1H, J = 10.8, 8.8), 3.26 
(app dt, 1H, J = 11.2, 8.0), 2.69 (dq, 1H, J = 7.2, 11.2), 1.22 (d, 3H, J = 7.2);  13C 
NMR (CDCl3, 100 MHz) # 178.7, 137.6, 129.3, 128.0, 127.4, 71.9, 50.2, 41.8, 13.6;  
IR: 2968, 2933, 2903, 1775, 1170, 1012, 757, 700 cm–1;  HRMS (DART-TOF) calcd. 
for C11H13O2[M+H]
+: 177.0915, found 177.0923.   
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syn-3-Methyl-4-phenyldihydrofuran-2(3H)-one. (9 mg, 8%).  GC Method A: 7.03 
min.;  1H NMR (CDCl3, 400 MHz) # 7.31-7.23 (m, 3H), 7.11 (d, 2H, J = 4.0), 4.59-
4.50 (m, 2H), 3.66 (dt, 1H, J = 6.0, 2.8), 2.96 (dq, 1H, J = 7.2, 1.2), 0.85 (d, 3H, J = 
7.6);  13C NMR (CDCl3, 100 MHz) # 180.4, 138.5, 129.1 (2C), 127.7, 72.1, 45.7, 
39.4, 11.2;  IR: 3032, 2979, 2936, 1771, 1165, 1038, 713 cm–1;  HRMS (DART-
TOF) calcd. for C11H13O2
+
 [M+H]
+: 177.0915, found 177.0924.   
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5-Phenyltetrahydro-2H-pyran-2-one. (18 mg, 17%).  GC Method A: 8.09 min.;  
1H NMR (CDCl3, 400 MHz) # 7.29-7.15 (m, 5H), 4.42 (ddd, 1H, J = 10.4, 4.8, 2.0), 
4.22 (app t, 1H, J = 10.4), 3.14-3.06 (m, 1H), 2.74-2.66 (m, 1H), 2.62-2.53 (m, 1H), 
2.18-2.03 (m, 2H);  13C NMR (CDCl3, 100 MHz) # 170.6, 139.7, 129.1, 127.7, 127.3, 
74.0, 39.5, 29.8, 26.8;  IR: 3029, 2946, 1733, 1240, 1157, 764, 701 cm–1;  HRMS 
(DART-TOF) calcd. for C11H13O2
+
 [M+H]
+: 177.0915, found 177.0922. 
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Figure 3.15, Entry 2: 
 
2-(4-chlorophenyl)but-3-en-1-ol was hydroformylated using General Procedure A.  
Analysis of the crude reaction mixture using GC Method A gave three peaks: 8.40 
min. (area = 193.2), 8.46 min. (area = 28.9), 9.12 min (area = 49.9).  Chromatography 
(15-25% EtOAc / Hex) afforded the following compounds: 
 
 
 
 
anti-4-(4-Chlorophenyl)-3-methyldihydrofuran-2(3H)-one. (86 mg, 70%).  GC 
Method A: 8.40 min.; 1H NMR (CDCl3, 400 MHz) # 7.36 (d, 2H, J = 8.4), 7.20 (d, 
2H, J = 8.0), 4.54 (dd, 1H, J = 9.2, 8.4), 4.10 (dd, 1H, J = 10.6, 9.2), 3.28 (m, 1H), 
2.68 (dq, 1H, J = 11.7, 7.0), 1.25 (d, 3H, J = 7.0); 13C NMR (CDCl3, 100 MHz) # 
178.0, 135.8, 133.7, 129.2, 128.5, 71.4, 49.4, 41.7, 13.4;  IR: 2974, 2906, 1774, 1494, 
1169, 1092, 1013 cm–1;  HRMS (DART-TOF) calcd. for C11H15ClNO2
+ [M+NH4]
+: 
228.0791, found: 228.0788.   
O
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syn-4-(4-Chlorophenyl)-3-methyldihydrofuran-2(3H)-one. (14 mg, 11%).  GC 
Method A: 8.46 min; 1H NMR (CDCl3, 400 MHz) # 7.31 (d, 2H, J = 8.6), 7.07 (d, 
2H, J = 8.2), 4.59 (dd, 1H, J = 9.6, 6.2), 4.49 (dd, 1H, J = 9.6, 2.4), 3.70-3.66 (m, 
1H), 2.99 (dq, 1H, J = 8.4, 7.2), 0.88 (d, 3H, J = 7.2);  13C NMR (CDCl3, 100 MHz) # 
178.7, 136.8, 133.5, 129.1, 128.8, 71.7, 45.0, 39.1, 11.1;  IR: 2979, 2935, 1771, 1492, 
1189, 1163, 1014, 832 cm–1;  HRMS (DART-TOF) calcd. for C11H12ClO2
+ [M+H]+: 
211.0526, found: 211.0532. 
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5-(4-Chlorophenyl)tetrahydro-2H-pyran-2-one. (23 mg, 19%).  GC Method A: 
9.12 min.;  1H NMR (CDCl3, 400 MHz) # 7.32 (d, 2H, J = 8.6), 7.18 (d, 2H, J = 8.4), 
4.45 (ddd, 1H, J = 11.2, 4.8, 2.0), 4.26 (dd, 1H, J = 11.2, 10.4), 3.21-3.13 (m, 1H), 
2.77 (ddd, 1H, J = 18, 6.8, 4.4), 2.65 (ddd, 1H, J = 18, 9.6, 6.8), 2.24-2.05 (m, 2H);  
13C NMR (CDCl3, 100 MHz) # 170.1, 138.0, 133.3, 129.1, 128.4, 73.5, 38.7, 29.5, 
26.6;  IR: 2954, 2924, 1735, 1493, 1182, 1056, 827 cm–1;  HRMS (DART-TOF) 
calcd. for C11H12ClO2
+ [M+H]+: 211.0526, found 211.0527. 
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Figure 3.15, Entry 3: 
 
2-(4-Methoxyphenyl)but-3-en-1-ol was hydroformylated using General Procedure A.  
GC analysis of the crude reaction mixture using GC Method A gave three peaks: 8.64 
min. (area = 214.8), 8.68 min. (area = 29.7), 9.26 min. (area = 49.4).  
Chromatography (10-40% EtOAc / Hex) afforded the following compounds: 
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anti-4-(4-Methoxyphenyl)-3-methyldihydrofuran-2(3H)-one. (75 mg, 61%).  GC 
Method A: 8.64 min.; 1H NMR (CDCl3, 400 MHz) # 7.15 (d, 2H, J = 6.8), 6.89 (d, 
2H, J = 6.8), 4.49 (dd, 1H, J = 8.8, 8.0), 4.07 (app t, 1H, J = 8.8), 3.78 (s, 3H), 3.23 
(ddd, 1H, J = 11.6, 8.0, 3.4), 2.63 (dq, 1H, J = 12, 7.2), 1.22 (d, 3H, J = 7.2); 13C 
NMR (CDCl3, 100 MHz) # 178.8, 159.3, 129.4, 128.4, 114.7, 72.0, 55.5, 49.5, 42.0, 
13.5;  IR: 2970, 2935, 2906, 1775, 1516, 1253, 1170, 1034, 1011 cm–1;  HRMS 
(DART-TOF) calcd. for C12H18NO3
+ [M+NH4]
+: 224.1287, found: 224.1290.   
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syn-4-(4-Methoxyphenyl)-3-methyldihydrofuran-2(3H)-one. (11 mg, 9%).  GC 
Method A: 8.68 min.;  1H NMR (CDCl3, 400 MHz) # 7.03 (d, 2H, J = 8.4), 6.84 (d, 
2H, J = 8.8), 4.49 (dd, 1H, J = 9.3, 6.2), 4.41 (dd, 1H, J = 9.3, 2.8), 3.78 (s, 3H), 3.56 
(ddd, 1H, 6.0, 2.6, 2.4), 2.86 (dq, 1H, J = 7.2, 1.1), 0.87 (d, 3H, J = 7.2);  13C NMR 
(CDCl3, 100 MHz) # 179.5, 159.0, 130.5, 128.7, 114.4, 72.4, 55.4, 45.0, 39.5, 11.2;  
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IR: 2976, 2936, 2907, 1772, 1515, 1250, 1183, 1164, 1035, 835 cm–1;  HRMS 
(DART-TOF) calcd. for C12H18NO3
+ [M+NH4]
+: 224.1287, found: 224.1280.   
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5-(4-Methoxyphenyl)tetrahydro-2H-pyran-2-one. (19 mg, 15%).  GC Method A: 
9.26 min.;  1H NMR (CDCl3, 400 MHz) # 7.07 (d, 2H, J = 8.4), 6.80 (d, 2H, J = 8.8), 
4.35 (dd, 1H, J = 11.2, 2.0), 4.16 (dd, 1H, J = 11.2, 10.8), 3.71 (s, 3H), 3.10-3.00 (m, 
1H), 2.73-2.65 (m, 1H), 2.62-2.50 (m, 1H), 2.13-1.96 (m, 2H);  13C NMR (CDCl3, 
100 MHz) # 170.6, 159.1, 131.6, 128.3, 114.5, 74.3, 55.5, 38.7, 29.9, 27.0;  IR: 2963, 
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2935, 1730, 1514, 1250, 1179, 1057, 834 cm–1;  HRMS (DART-TOF) calcd. for 
C12H18NO3
+ [M+NH4]
+: 224.1287, found: 224.1294. 
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Figure 3.15, Entry 4: 
 
2-(tert-Butyldimethylsilyloxy)but-3-en-1-ol was hydroformylated using General 
Procedure A. GC analysis of the crude reaction mixture using GC Method A gave 
three peaks: 5.09 min. (area = 142.0), 6.33 min. (area = 34.2), 7.19 min. (area = 25.9).  
Chromatography (20% EtOAc / Hex) afforded the following compounds: 
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anti-4-(tert-Butyldimethylsilyloxy)-3-methyldihydrofuran-2(3H)-one. (70 mg, 
51%).  GC Method A: 5.09 min.;  1H NMR (CDCl3, 400 MHz) # 4.32 (dd, 1H, 9.2, 
6.2), 4.12 (ddd, 1H, 7.0, 6.4, 6.2), 3.89 (dd, 1H, 9.0, 6.2), 2.46 (dq, 1H, 7.3, 7.0), 1.23 
(d, 3H, 7.3), 0.86 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H);  13C NMR (CDCl3, 100 MHz) #  
177.7, 74.9, 72.6, 43.5, 25.8, 18.1, 12.9, !4.5 (2C);  IR: 2956, 2930, 2899, 2858, 
1783, 1463, 1391, 1254, 1172, 1128, 1098, 1024, 837, 779 cm–1;  HRMS (DART-
TOF) calcd. for C11H23O3Si
+ [M+H]+: 231.1416; found: 231.1421. 
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syn-4-(tert-Butyldimethylsilyloxy)-3-methyldihydrofuran-2(3H)-one. (16 mg, 
12%).  GC Method A: 6.33 min; 1H NMR (CDCl3, 400 MHz) # 4.43 (m, 1H), 4.24 
(dd, 1H, 9.9, 3.5), 4.12 (dd, 1H, 9.9, 0.7), 2.54 (dq, 1H, 7.3, 5.3), 1.19 (d, 3H, 7.1), 
0.87 (s, 9H), 0.06 (s, 6H);  13C NMR (CDCl3, 100 MHz) # 178.5, 74.6, 71.1, 40.7, 
25.9, 18.3, 8.9, !4.5, !4.7;  IR: 2960, 2928, 2856, 1751, 1462, 1260, 1174, 1017, 
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993, 842, 780 cm–1;  HRMS (DART-TOF) calcd. for C11H23O3Si
+ [M+H]+: 231.1416; 
found: 231.1406. 
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5-(tert-Butyldimethylsilyloxy)tetrahydro-2H-pyran-2-one. (10 mg, 8%).  GC 
Method A: 7.19 min;  1H NMR (CDCl3, 400 MHz) # 4.28 (ddd, 1H, 11.7, 3.1, 0.7), 
4.17 (ddd, 1H, 11.7, 4.0, 1.8), 4.09-4.06 (m, 1H), 2.76 (ddd, 1H, 17.6, 10.1, 7.3), 2.48 
(ddd, 1H, 17.8, 6.6, 4.6), 2.04-1.96 (m, 1H), 1.94-1.85 (m, 1H), 0.87 (s, 9H), 0.07 (s, 
6H);  13C NMR (CDCl3, 100 MHz) # 170.6, 74.4, 63.6, 28.2, 26.4, 25.9, 18.2, !4.6 
(2C);  IR: 2955, 2928, 2856, 1742, 1463, 1400, 1362, 1254, 1109, 1026, 837, 777 
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cm–1;  HRMS (DART-TOF) calcd. for C11H23O3Si
+ [M+H]+: 231.1416; found: 
231.1405. 
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Figure 3.15, Entry 5: 
 
2-Cyclohexylbut-3-en-1-ol was hydroformylated using General Procedure A. GC 
analysis of the crude reaction mixture using GC Method A gave three peaks: 7.30 
min. (area = 163.0), 7.40 min. (area = 24.0), 8.24 min. (area = 104.9).  
Chromatography (20% EtOAc / Hex) afforded the following compounds: 
 
Note: Yields below are calculated from recovery of 38 mg of the anti isomer and a 
mixture of anti and syn isomers (21 mg) that was analyzed using GC Method A: 7.29 
min. (area = 131.0), 7.40 min. (area = 76.1).   
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anti-4-Cyclohexyl-3-methyldihydrofuran-2(3H)-one. (51 mg, 47%).  GC Method 
A: 7.30 min.;  1H NMR (CDCl3, 400 MHz) # 4.3 (dd, 1H, J = 9.0, 8.6), 3.84 (app t, 
1H, J = 9.3), 2.31 (dq, 1H, J = 10.0, 7.2), 1.95 (m, 1H, J = 9.6, 7.6), 1.75-1.56 (m, 
5H), 1.42-1.33 (m, 1H), 1.26 (d, 3H, J = 7.2), 1.24-1.09 (m, 3H), 1.03-0.93 (m, 2H);  
13C NMR (CDCl3, 100 MHz) # 180.4, 70.0, 49.1, 40.8, 38.2, 31.4, 30.2, 26.4, 26.3, 
26.2, 16.4;  IR: 2924, 2852, 1772, 1449, 1176, 1034, 1011 cm–1;  HRMS (DART-
TOF) calcd. for C11H19O2
+ [M+H]+: 183.1385, found: 183.1388.   
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syn-4-Cyclohexyl-3-methyldihydrofuran-2(3H)-one. (8 mg, 7%).  GC Method A: 
7.40 min.;  1H NMR (CDCl3, 400 MHz) # 4.21 (app t, 1H, J = 7.3), 3.91 (app t, 1H, J 
= 9.0), 2.54 (dq, 1H, J = 7.8 7.2), 2.18 (app t, 1H, J = 7.8), 1.78-1.54 (m, 5H), 1.43-
1.27 (m, 1H ), 1.20-1.10 (m, 3H), 1.15 (d, 3H J = 7.6), 1.0-0.85 (m, 2H );  13C NMR 
(CDCl3, 100 MHz) # 180.4, 45.2, 36.8, 36.1, 31.9, 29.9, 26.4, 26.3, 26.1, 26.0, 10.2;  
IR: 2924, 2852, 1772, 1448, 1176, 1034, 1011 cm–1;  HRMS (DART-TOF) calcd. for 
C11H19O2
+ [M+H]+: 183.1385, found: 183.1391.   
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5-Cyclohexyltetrahydro-2H-pyran-2-one. (35 mg, 32%).  GC Method A: 8.24 
min.;  1H NMR (CDCl3, 400 MHz) # 4.34 (dd, 1H, J = 10.8, 4.4), 4.01 (app t, 1H, J 
= 10.8), 2.63-2.53 (m, 1H), 2.49-2.38 (m, 1H), 1.99-1.88 (m, 1H), 1.78-1.54 (m, 7H), 
1.29-0.89 (m, 6H);  13C NMR (CDCl3, 100 MHz) # 172.0, 72.2, 39.3, 38.4, 30.5, 
30.2, 29.4, 26.5, 26.4, 26.3, 22.9;  IR: 2923, 2852, 1737, 1184, 1052 cm–1;  HRMS 
(DART-TOF) calcd. for C11H19O2
+ [M+H]+: 183.1385, found: 183.1396. 
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Figure 3.15, Entry 6: 
 
(Z)-2-phenylpent-3-en-1-ol was hydroformylated using General Procedure B.  
GC analysis of the crude reaction mixture using GC Method A gave three peaks: 7.58 
min. (area = 456.3), 7.63 min. (area = 4.7), 8.21 min. (area = 11.3).  Chromatography 
(0.5% MeOH / CH2Cl2) afforded anti-3-ethyl-4-phenyldihydrofuran-2(3H)-one.  syn-
3-Ethyl-4-phenyldihydrofuran-2(3H)-one and 3-methyl-5-phenyltetrahydro-2H-
pyran-2-one were synthesized following General Procedure C for authentication. 
 
 
 
 
anti-3-Ethyl-4-phenyldihydrofuran-2(3H)-one. (100 mg, 88%).  GC Method A: 
7.58 min.;  1H NMR (CDCl3, 300 MHz) # 7.28-7.17 (m, 5H), 4.44 (dd, 1H, J = 8.8, 
8.4), 4.03 (dd, 1H, J = 9.7, 9.2), 3.34 (ddd,1H, J = 10.4, 10.1, 8.4), 2.61 (dt, 1H, J = 
10.8, 6.0), 1.79-1.58 (m, 2H), 0.85 (t, 3H, J = 7.5);  13C NMR (CDCl3, 100 MHz) # 
178.2, 138.6, 129.2, 127.9, 127.4, 72.3, 47.9, 47.3, 22.2, 11.2;  IR: 2966, 2931, 1771, 
1165, 1018, 757, 699 cm–1;  HRMS (DART-TOF) calcd. for C12H18NO2
+ [M+NH4]
+: 
208.1338, found 208.1344.   
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syn-3-Ethyl-4-phenyldihydrofuran-2(3H)-one. GC Method A: 7.63 min.;  1H 
NMR (CDCl3, 400 MHz) & 7.26-7.06 (m, 5H), 4.49 (dd, 1H, J = 9.3, 2.2), 4.38 (dd, 
1H, J = 9.2, 2.0), 3.63 (ddd, 1H, J = 8.2, 6.2, 2.0), 2.65 (dt, 1H, J = 8.8, 5.7), 1.58-
1.49 (m, 1H), 0.99-0.93 (m, 1H), 0.82 (t, 3H, 7.3);  13C NMR (100 MHz) & 178.6, 
138.7, 129.0, 127.7, 127.6, 72.7, 46.4, 44.9, 19.4, 12.3;  IR: 3031, 2964, 2934, 2876, 
1764, 1456, 1372, 1165, 1014, 949, 764, 709 cm–1;  HRMS (DART-TOF) calcd. for 
C12H15O2
+
 [M+H]
+: 191.1072, found: 191.1079. 
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3-Methyl-5-phenyltetrahydro-2H-pyran-2-one (1:1 mixture of diastereomers). 
GC Method A: 8.21 min.;  1H NMR (400 MHz) & 7.28-7.13 (m, 10H), 4.40 (ddd, 
1H, J = 11.4, 5.3, 2.4), 4.32-4.23 (m, 2H), 4.16 (dd, 1H, J = 11.2, 10.1), 3.25-3.14 (m, 
2H), 2.78-2.72 (m, 1H), 2.65-2.59 (m, 1H), 2.25-2.17 (m, 2H), 1.93-1.86 (m, 1H), 
1.84-1.75 (m, 1H), 1.27 (app d, 3H, J = 7.0), 1.22 (app d, 3H, J = 7.0);  13C NMR 
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(100 MHz) & 176.3, 175.0, 141.3, 141.1, 129.1, 129.0, 127.6, 127.5, 127.3, 127.2, 
74.4, 72.3, 40.4, 38.5, 36.2, 35.8, 34.6, 33.0, 17.3, 16.9;  IR: 2971, 2937, 1736, 1177, 
1162, 761, 701 cm–1;  HRMS (DART-TOF) calcd. for C12H15O2
+
 [M+H]
+: 191.1072, 
found: 191.1071. 
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Figure 3.15, Entry 7: 
 
(Z)-2-Methyloct-3-en-1-ol was hydroformylated using General Procedure B. GC 
analysis of the crude reaction mixture using GC Method B gave three peaks: 7.27 
min. (area = 143.6), 8.36 min. (area = 12.1), 8.68 min. (area = 7.7).  Chromatography 
(8-10% EtOAc / Hex) afforded 70 mg (69%) of a mixture of anti-4-methyl-3-
pentyldihydrofuran-2(3H)-one and syn-4-methyl-3-pentyldihydrofuran-2(3H)-one.  
Analysis of the purified product using GC Method B gave two peaks: 7.30 min. (area 
= 592.4), 8.34 min. (area = 49.5). 
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anti-4-Methyl-3-pentyldihydrofuran-2(3H)-one.  GC Method A: 3.95 min.;  GC 
Method B: 7.26;  1H NMR (CDCl3, 400 MHz) # 4.31 (dd, 1H, J = 8.8, 7.7), 3.67 
(app t, 1H, J = 8.8), 2.34-2.21 (m, 1H), 2.09-2.01 (m, 1H), 1.75-1.63 (m, 7 H), 1.11 
(d, 3H, J = 6.4), 0.86-0.74 (m, 4H);  13C NMR (CDCl3, 100 MHz) # 179.4, 72.7, 
46.9, 36.3, 32.0, 29.1, 26.6, 22.6, 17.1, 14.2;  IR: 2958, 2931, 2860, 1774, 1168, 
1133, 1018 cm–1;  HRMS (DART-TOF) calcd. for C10H22NO2
+ [M+NH4]
+: 188.1650, 
found: 188.1656. 
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syn-4-Methyl-3-pentyldihydrofuran-2(3H)-one.  GC Method A: 4.45 min.;  GC 
Method B: 8.35;  1H NMR (CDCl3, 400 MHz) # 4.24 (dd, 1H, J = 9.0, 5.5), 3.93 (dd, 
1H, J = 8.8, 2.0), 2.62-2.55 (m, 1H), 2.49 (app dt, 1H, 7.1, 5.5), 1.79-1.62 (m, 1H), 
1.45-1.17 (m, 6H), 0.99 (d, 3H, J = 7.2), 0.92-0.76 (m, 4H);  13C NMR (CDCl3, 100 
MHz) # 178.9, 73.3, 43.9, 33.3, 31.9, 27.4, 25.1, 22.7, 14.2, 13.7;  IR: 2958, 2934, 
2860, 2365, 1776, 1460, 1370, 1165, 1126, 1023, 991 cm–1;  HRMS (DART-TOF) 
calcd. for C12H19O2
+
 [M+H]
+: 171.1385, found: 171.1374. 
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3-Butyl-5-methyltetrahydro-2H-pyran-2-one (62:38 mixture of diastereomers).  
GC Method A: 4.68 min.;  GC Method B: 8.63 min.;  1H NMR (CDCl3, 400 MHz) 
# 4.28 (dd, 0.62H, J = 4.6, 2.4), 4.25 (dd, 0.38H, J = 4.8, 2.4), 3.89 (app dt, 2H, J = 
13.2, 10.8), 2.48-2.34 (m, 1H), 2.14-2.01 (m, 1H), 1.91-1.81 (m, 1H), 1.68 (m, 1H), 
1.51-1.11 (m, 5H), 0.99-0.80 (m, 7H);  13C NMR (100 MHz) & 176.3, 175.0, 141.3, 
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141.1, 129.1, 129.0, 127.6, 127.5, 127.3, 127.2, 74.4, 72.3, 40.4, 38.5, 36.2, 35.8, 
34.6, 33.0, 17.3, 16.9;  IR: 2957, 2932, 2873, 1735, 1458, 1380, 1341, 1207, 1155, 
1108, 1046 cm–1;  HRMS (DART-TOF) calcd. for C12H19O2
+
 [M+H]
+: 171.1385, 
found: 171.1398. 
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Figure 3.15, Entry 8: 
 
(E)-2-Methyloct-3-en-1-ol was hydroformylated using General Procedure B.  
Analysis of the crude reaction mixture using GC Method B gave three peaks: 7.26 
min (area = 144.8), 8.35 min. (area = 40.8), 8.63 min (area = 12.4).  Chromatography 
(8% EtOAc / Hex) afforded 71 mg (70%) of a mixture of anti-4-methyl-3-
pentyldihydrofuran-2(3H)-one and syn-4-methyl-3-pentyldihydrofuran-2(3H)-one.  
Analysis of the purified product using GC method B gave two peaks: 7.32 min. (area 
= 506) and 8.38 min. (area = 149).  For spectral data, see above. 
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Enantioselective Hydroformylation with L4 
 
An oven dried glass reaction vial containing substrate (0.15 mmol) was placed in the 
Endeavor.  The Endeavor was sealed and purged with nitrogen (4 x 100 psi).  In a dry 
box a solution of dicarbonylacetylacetonato rhodium (I)  (2 mol%, 0.80 mg, 0.003 
mmol), ligand L4 (20 mol%, 10.6 mg, 0.03 mmol), a solution of anhydrous p-toluene 
sulfonic acid (0.2 mol%, 474 µL, 6.3x10-4 M) and benzene (1.0 mL) were combined 
in a syringe.  This solution was taken out of the dry box and injected into the 
Endeavor.  An additional 0.5 mL of benzene was added to wash the injection port.  
The Endeavor was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, 
and the Endeavor was heated to and held at 45 °C for 10 minutes.  Stirring was 
stopped, the Endeavor was charged with 200 psi H2/CO, stirring was re-initiated at 
700 rpm, and the Endeavor was maintained at 45 °C and 200 psi H2/CO for 16 h.  The 
Endeavor was vented to ambient pressure and cooled to ambient temperature.  The 
sample was removed, treated with MeOH (1 mL) and concentrated.  The crude 
residue was dissolved in CH2Cl2 (3 mL) and pyridinium chlorochromate (3 eq., 100 
mg, 0.45 mmol), sodium acetate (0.5 eq., 6.0 mg, 0.075 mmol), and 3Å molecular 
sieves (300 mg, 4-8 mesh) were added and the solution was agitated on an orbital 
shaker for 12 hours.  The reaction mixture was eluted through a plug of silica gel 
(50% EtOAc / Hex) and concentrated. GC analysis following Method A was used to 
determine regioselectivities.  Pruducts were purified on silica gel and spectra matched 
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those reported in the literature.  Enantioselectivities were determined by chiral 
stationary phase GC using a Supelco B-Dex 120 column (60m x 0.25mm x 0.25um). 
 
Figure 3.22, Entry 1. 
 
Following GC Method A: 3.29 min (area = 415.2), 4.23 min (area = 101.6). 
Chiral GC: 70 # for 200 min.; 114.2 min (area = 9.79), 115.6 min (area = 4.03). 
 
 
 
 
Figure 3.22, Entry 2. 
 
Chiral GC: 100 # for 200 min.; 95.2 min (area = 16.3), 96.6 min (area = 6.12). 
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Figure 3.22, Entry 3. 
 
Chiral GC: 100 # for 200 min.; 95.2 min (area = 9.57), 96.5 min (area = 3.62). 
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Figure 3.22, Entry 4. 
 
Chiral GC: 95 # for 220 min.; 209.0 min (area = 40.5), 209.4 min (area = 12.0) 
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O
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Chapter 4. Hydroformylation of Allylic Alcohols 
 
4.1 Introduction 
 
As shown in chapter three, our scaffolding ligand strategy was effective for the 
hydroformylation of homoallylic alcohols.  In order to extend the scope of our 
methodology, we were interested in exploring the hydroformylation of allylic 
alcohols.  Branch selective hydroformylation of allylic alcohols will produce "-
hydroxy aldehydes, which are useful synthetic building blocks.54  The formaldehyde 
aldol process (Figure 4.1, eq. 1) is undeniably a powerful method for producing these 
building blocks as well. 
 
 
 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
)$!(a)Evans, D. A.; Dow, R. L.; Shih, T. L., Takacs, J. M.; Zahler, R. J. Am. Chem. Soc. 1990, 112, 
5290-5313. (b) Crimmins, M. T.; Carroll, C. A.; King, B. W. Org. Lett. 2000, 2, 597-599. (c) Evans, 
D. A.; Connell, B. T. J. Am. Chem. Soc. 2003, 125, 10899-10905. (d) Lister, P.; Perkins, M. V. Angew. 
Chem., Int. Ed. 2006, 45, 2560-2564.!
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Figure 4.1. Hydroformylation of allylic alcohols as an alternative to the formaldehyde aldol reaction. 
 
 
 
However, hydroformylation offers a complimentary method to accessing these 
compounds.  The neutral conditions under which hydroformylation takes place offers 
good functional group tolerance, and allylic alcohols offer readily available starting 
materials for the synthesis of "-hydroxy carbonyl compounds.  In hydroformylation 
the one carbon homologation occurs through the addition of common synthesis gas 
(CO/H2), and the hydroformylation reaction is proven to be a scalable process.  Our 
scaffolding ligand strategy in hydroformylation serves to expand the scope of 
reactions that may be used to access important chemical building blocks. 
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4.2 Substrate Syntheses 
 
In order to explore the hydroformylation of allylic alcohols, we set out to prepare a 
variety of substrates to test.  We synthesized cinnamyl alcohol derivatives bearing 
electron-deficient, electron-rich, and ortho-substituted aromatic rings to study the 
effect substitution had on the hydroformylation reaction.  Horner-Wadsworth-
Emmons reactions afforded the esters 4.5, 4.8, and 4.11, and reduction with either 
DIBAL-H or LAH/AlCl3 gave access to substrates 4.6, 4.9, and 4.12 (Figure 4.2). 
 
 
Figure 4.2 Synthesis of substituted cinnamyl alcohols. 
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We were also interested in investigating substrates bearing aliphatic groups.  Cis- and 
trans-2-hexen-1-ol were commercially available, although we found it necessary to 
purify them before use.  To investigate the hydroformylation of substrates bearing 
branched alkyl groups, the E-and Z- olefins 4.15 and 4.16 bearing cyclohexyl groups 
were prepared via the common intermediate 4.14 (Figure 4.3).  LAH reduction of 
alkyne 4.14 led to the production of the E-isomer, while hydrogenation of 4.14 using 
Lindlar’s catalyst provided access to the Z-isomer.  
 
Figure 4.3.  Synthesis of cyclohexyl substrates. 
 
 
 
 
In order to study the functional group tolerance of our reaction we were interested in 
synthezising compounds with heteroatoms.  We therefore prepared phthalimide 
compound 4.18, which was easily accessed from the known cyclic sulfonate 4.17 and 
potassium phthalimide (Figure 4.4, eq. 1).  Phthalimides are known directing groups 
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 page 254!
in rhodium catalyzed hydroformylation,55 and we were excited to learn if our 
scaffolding ligand could overcome the influence of an internal chelating group. 
 
We were also interested in determining if protected alcohol functionality was 
tolerated in the reaction, and we prepared the TBDPS ether 4.20 (Figure 4.4, eq. 2), 
and the TBS ether 4.22 (Figure 4.4, eq. 3). 
 
Figure 4.4. Synthesis of phthalimide and silyl ether substrates. 
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4.3 Hydroformylation of Allylic Alcohols 
 
To begin our optimization studies, we examined the hydroformylation of commonly 
available cinnamyl alcohol.  Hydroformylation of styrene derivatives typically 
proceeds such that the aldehyde is produced !- to the aromatic ring.56 
Hydroformylation of cinnamyl alcohol 4.23 using PPh3 resulted in a 12:88 mixture of 
products after oxidation favoring the undesired lactone 4.25 resulting from 
hydroformylation !- to the aromatic ring (Figure 4.5, note: see below for explanation 
of why oxidation was necessary). 
 
Figure 4.5. Control reaction using PPh3 as ligand in the hydroformylation of cinnamyl alcohol. 
 
 
We were interested in determining if our directed hydroformylation strategy would 
serve to override this inherent selectivity and give access to hydroformylation 
products with the aldehyde "- to the aromatic ring.  To our dismay, analysis of our 
initial hydroformylation of cinnamyl alcohol showed very minor aldehyde signals in 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
)&!(a) Nozaki, K.; Li, W.; Horiuchi, T.; Takaya, H. Tetrahedron Lett. 1997, 38, 4611-4614. (b) For 
hydroformylation of styrene derivatives yielding the aldehyde product alpha to the aromatic ring see: 
Yu, S.; Chie, Y.; Guan, Z.; Zou, Y.; Li, W.; Zhang, X. Org. Lett. 2009, 11, 241-244.!
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the 1H NMR.  However, it was reported that "-hydroxy aldehydes are prone to 
dimerization (Figure 4.6),57 and we decided to oxidize the products using Pinnick 
conditions for ease of analysis and purification.   
 
Figure 4.6. Possible dimerization of hydroformylation products. 
 
 
 
To our delight, we found that hydroformylation of cinnamyl alcohol using 10 mol% 
L2 and 1 mol% Rh(acac)(CO)2 followed by Pinnick oxidation afforded conversions 
of up to 90% and regioselectivity of up to 96:4 in favor of the "-hydroxy acid (Figure 
4.7).  We found that variation of the reaction pressure had little effect on the 
regioselectivity, and that conversion was highest at 100 psi CO/H2. 
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Figure 4.7. Hydroformylation of cinnamyl alcohol using L2. 
 
 
 
entry pressure (psi) regioselectivity 
(4.24 : 4.25) 
conversion 
1 50 96:4 85 
2 100 95:5 90 (83)a 
3 200 95:5 89 
4 400 95:5 88 
                        a) Isolated yield of 4.24, and H2O2 used in place of 2-methyl-2-butene. 
 
Excited by the results obtained with cinnamyl alcohol, we investigated the 
hydroformylation of the substrates we had prepared.  Both electron-rich and electron-
poor aromatic rings were tolerated in the reaction without affecting the 
regioselectivity (Figure 4.8, entries 1 and 2).  Ortho-substitution on the aromatic ring 
led to excellent regioselectivity as well as a small increase in the isolated yield of the 
desired "-hydroxy acid product (Figure 4.8, entry 3).   
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Figure 4.8. Substrate scope of allylic alcohol hydroformylation using ligand L2. 
 
entry substrate product regioselectivityg yield (%) 
1a 
  
>95:5 87 
2a 
  
>95:5 62 
3a 
  
94:6 93 
4b  
 
>95:5 81 
5b 
  
>95:5 92 
6c  
 
>95:5 72 
7d 
  
>95:5 82 
8e 
 
 
88:12 71 
9f 
 
 
85:15 84 
a) (i) 1 mol % Rh(acac)(CO)2, 10 mol % L2, 45 °C, 50 psi CO/H2, 0.0125 mol % p-TsOH; (ii) NaClO2, 
NaH2PO4, 2-methyl-2-butene, H2O/t-BuOH.  
b) Reaction performed with 2 mol % Rh(acac)(CO)2, 20 mol % L2, 0.025 mol % p-TsOH.  
c) Reaction performed at 35 °C and 200 psi CO/H2.  
d) Reaction performed at 35 °C, 200 psi CO/H2, 0.025 mol % p-TsOH.  
e) Reaction performed at 45 °C, 100 psi CO/H2, 0.025 mol % p-TsOH.  
f) Reaction performed with 0.2 mol % p-TsOH, 100 psi CO/H2.  
g) Regioselectivities were determined by taking the crude 1H NMR after oxidation. The authentic 
lactone products were independently synthesized and characterized by performing the 
hydroformylation with PPh3 as the ligand.  
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To determine if reactivity or selectivity in this system depended on the presence of 
the aryl group, the hydroformylation of both E- and Z- olefins substituted with 
straight-chain alkyl groups was performed, and they were found to proceed with 
excellent regioselectivities in high yield (Figure 4.8, entries 4 and 5).  Branched alkyl 
groups were also tolerated, with the hydroformylation of cyclohexyl substrates 4.15 
and 4.16 proceeding in good yields and with excellent regioselectivities (Figure 4.8, 
entries 6 and 7). 
 
The hydroformylation of a substrate with a phthalimide group yielded the '-amino 
acid product (Figure 4.8, entry 8).  As phthalimides are known directing groups for 
rhodium-catalyzed hydroformylation, this result demonstrated the ability of our 
scaffolding ligand to override internal chelating groups even when used in catalytic 
quantities. 
 
We investigated the hydroformylation of TBS ether 4.22 and found that the reaction 
produced a mixture of products, with only 15% of the desired "-hydroxy acid being 
isolated.  Compound 4.29 accounted for 52% of the products, and could have been 
formed through two pathways.  The hydroformylation could have occurred to produce 
the undesired '-hydroxy aldehyde, which would produce compound 4.29 on 
oxidation.  Alternately, directed hydroformylation followed by silyl migration could 
have occurred (Figure 4.9, eq. 2).  
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Figure 4.9. Possible silyl transfer observed in the hydroformylation 4.22. 
 
 
 
In order to support the hypothesis that silyl transfer was occurring, hydroformylation 
of the TBDPS ether 4.20 was carried out.  We were please to see that the reaction 
afforded the desired product in good yield with good regioselectivity (Figure 4.8, 
entry 9).  A benzyl ether was also examined; however, it was found that partial 
hydrogenolysis of the benzyl group had occurred under the hydroformylation 
conditions. 
 
 
4.4 Hydroformylation of Trisubstituted Olefins 
 
The hydroformylation of trisubstituted olefins is generally a challenging reaction that 
requires more forcing conditions than those required for terminal or 1,2-disubstituted 
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olefins.58 However, the conditions we employ with our scaffolding ligand are quite 
mild, and we were interested to see how our system would work with more 
challenging substrates. We therefore investigated the hydroformylation of 3-
methylbut-2-en-1-ol and found that increasing the catalyst and ligand loading (2 
mol% Rh(acac)(CO)2 and 20 mol% L2) and running the reaction at a slightly higher 
temperature (55 #) afforded the product in good yield as a single regioisomer 
(Figure 4.10).  
 
Figure 4.10. Hydroformylation of trisubstituted olefin 4.34. 
 
 
 
 
We were excited about the result with 4.34 and sought to explore the 
hydroformylation of other trisubstituted olefins.  The hydroformylation of 
trisubstituted olefins should occur stereospecifically, as the reaction proceeds via a 
syn addition of the rhodium hydride to the olefin.  To test this hypothesis, E- and Z-3-
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
)*!For examples of hydroformylation of trisubstituted olefins, see: (a) da Silva, J. G.; Barros, H. J. V.; 
Balanta, A.; Bolanos, A.; Novoa, M. L.; Reyes, M.; Contreras, R.; Bayon, J. C.; Gusevskaya, E. V.; 
dos Santos, E. N. Appl. Catal., A. 2007, 326, 219-226. (b) Clarke, M. L.; Roff, G. L. Chem.-Eur. J. 
2006, 12, 7978-7986. (c) Breit, B.; Winde, R.; Mackewitx, T.; Paciello, R.; Harms, K. Chem.-Eur. J. 
2001, 7, 3106-3121. (d) Siegel, H.; Himmele, W. Angew. Chem. Int. Ed. 1980, 19, 178-183. (e) 
Himmele, W.; Siegel, H. Tetrahedron Lett. 1976, 17, 907-910. (f) Breit, B.; Gruanger, C. U.; Abillard, 
O. Eur. J. Org. Chem. 2007, 15, 2497-2503.!
HO
a) 20 mol% L2, 2 mol% Rh(acac)(CO)2
    0.05 mol% p-TsOH
    CO/H2 (50 psi), benzene, 55 °C
b) NaClO2, NaH2PO4, H2O2, MeCN/H2O
HO
i-Pr
CO2H
85%
4.34 4.35
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metyloct-2-en-1-ol were prepared (Figure 4.11).  A unique water-accelerated 
carboalumination reaction was found in the literature,59 which offered access to 
compound 4.37.  Reduction of this compound afforded E-olefin 4.38.  In order to 
access the Z-isomer, a hydroboration reaction60 developed in the lab of Prof. Morken 
was used with diene 4.41 to produce substrate 4.42. 
 
Figure 4.11. Synthesis of trisubstituted olefins 4.38 and 4.42. 
 
 
 
 
 
Hydroformylation of these trisubstituted olefins proceeded smoothly.  However, we 
were initially concerned that the reactions had produced the same compounds, as the 
1H NMR spectra appeared identical.  To investigate this, a mixture of the products 
was prepared and the 1H NMR spectrum showed two distinct compounds, most 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
)(!Wipf, P.; Lim, S. Angew. Chem. Int. Ed. Engl. 1993, 32, 1068-1071.!
&+!Ely, R. J.; Morken, J. P. Org. Synth. 2011, 88, 342-352.!
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apparent in the difference between the signals arising from the methyl groups (Figure 
4.12). 
 
Figure 4.12.  1H NMR spectrum of a mixture of products from the hydroformylation of 4.38 and 4.42 
showing distinct methyl doublets arising from separate diastereomers. 
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Figure 4.13 Hydroformylation of trisubstituted olefins 4.38 and 4.42. 
 
 
 
 
 
4.5 Impurity From Pinnick Oxidation 
 
The high selectivities seen in our directed hydroformylation reactions resulted in 
crude mixtures that were very simple to interpret by NMR spectroscopy, and which 
were readily purified on silica gel.  However, with certain substrates, 
chromatographic purification of the "-hydroxy acids on silica gel was hampered by 
an impurity of similar polarity. This impurity is presumed to have arisen from the use 
of 2-methyl-2-butene as a hypochlorous acid scavenger, as the NMR spectrum of 
impure samples of "-hydroxy acids showed a distinctive pattern of signals consisting 
of a doublet and two singlets between 1.10-1.25 ppm and a quartet at 3.65 ppm 
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(Figure 4.14).  Fortunately, the use of hydrogen peroxide in place of 2-methyl-2-
butene afforded reaction mixtures without the impurity and chromatography afforded 
pure products. 
 
Figure 4.14. Impurity arising from the use of 2-methyl-2-butene in Pinnick oxidation seen in the 1H 
NMR spectrum.  Arrows denote non-product signals. 
 
 
 
HO Pr
a) 10 mol% L2, 1 mol% Rh(acac)(CO)2
    0.025 mol% p-TsOH, CO/H2 (100 psi)
    benzene, 45 °C
b) NaClO2, NaH2PO4, H2O/t-BuOH
    2-methyl-2-butene
HO Pr
O OH
4.45 4.46
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4.6 Acetal Protection of Hydroformylation Products 
 
In order to expand the synthetic utility of the hydroformylation reaction, we 
investigated methods of isolating the products in the aldehyde oxidation state.  This 
was achieved by forming the pinacol acetal of the aldehyde immediately following 
the hydroformylation reaction.  Hydroformylation of cinnamyl alcohol followed by 
protection with pinacol afforded the acetal in 86% yield and 96:4 regioselectivity 
(Figure 4.15, entry1), which is consistent with the results of the oxidation procedure 
(83% yield, 95:5 rr, see Figure 4.7).   
 
These acetal protection conditions also allowed for the hydroformylation of diene 
substrate 4.48.61 Previous attempts at hydroformylation of 4.48 followed by Pinnick 
oxidation resulted in a complex mixture of products, possibly due to the distal olefin 
acting as an intramolecular hypochlorous acid scavenger during Pinnick oxidation.  
Using the modified conditions in which the aldehyde was protected directly after the 
hydroformylation, it was found that the olefin proximal to the alcohol reacted 
selectively, and afforded the desired product in good yield (Figure 4.15, entry 2).  The 
hydroformylation of allyl alcohol was also performed following the acetal protection 
procedure and afforded the desired product in good yield with high regioselectivity 
(Figure 4.15, entry 3). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
&#!Prepared as reported in: Worthy, A. D.; Gagnon, M. M.; Dombrowski, M. T.; Tan, K. L.; Org. Lett. 
2009, 11, 2764–2767.!
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Figure 4.15 Acetal protection of hydroformylation products. 
 
 
 
4.7 Hydroformylation of Cinnamyl Alcohol on 10 mmol Scale 
 
In order to improve the synthetic utility of our method, we re-optimized the reaction 
conditions with a focus on lowering the catalyst and ligand loadings as well as 
increasing the reaction concentration.  Under re-optimized conditions, the 
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concentration of the reaction was increased from 0.1 M to 0.5 M, the rhodium loading 
was decreased from 1 mol% to 0.5 mol%, and the ligand loading was decreased from 
10 mol% to 5 mol%.  Hydroformylation of cinnamyl alcohol under these conditions 
afforded the desired product with the same regioselectivity with only a slight decrease 
in isolated yield (83% vs 86%).  These conditions allowed us to perform the 
hydroformylation of cinnamyl alcohol on 10 mmol scale, yielding 2.16 g of the 
desired hydroformylation product isolated in the aldehyde oxidation state (Figure 
4.16). 
 
Figure 4.16. 10 mmol scale hydroformylation of cinnamyl alcohol. 
 
 
 
4.8 Enantioselective Hydroformylation of Allylic Alcohols 
 
Having demonstrated that racemic scaffolding ligand L2 was successful in directing 
the regio- and diastereoselective hydroformylation of allylic alcohols, and having had 
moderate success with the enantioselective hydroformylation of homoallylic alcohols 
HO Ph
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(See Ch. 3, Figure 3.23), we decided to investigate the enantioselective 
hydroformylation of allylic alcohols using ligand 2.30. 
 
Three reactions were run with trans-2-hexen-1-ol (4.45) with varying pressures of 
CO/H2, and it was found that the reactions proceeded with modest enantioselectivity, 
with a decrease in ee being seen with an increase in pressure (Figure 4.17, entries 1-
3).  An analogous set of experiments was run with cis-2-hexen-1-ol (4.52), and to our 
dismay, the products were found to be racemic (Figure 4.17, entries 4-6). 
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Figure 4.17 Preliminary enantioselective hydroformylation of allylic alcohols. 
 
 
entry 
pressure CO/H2 
(psi) 
substrate 
major 
product 
yield of 4.33 ee (%) 
1 50  
 
71 24 
2 100  
 
76 20 
3 400  
 
75 10 
4 50 
  
75 0 
5 100 
  
66 0 
6 400 
  
73 0 
  
The low, or lack of, enantioselectivity observed could be attributed to racemization of 
the "-hydroxy aldehydes during the reaction.  Fortunately, a report on the 
formaldeyde aldol process suggested that "-hydroxy aldehydes might be stabilized by 
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the in-situ formation of cyclic hemi-acetals,62 and we thought that we could exploit 
that phenomenon in our chemistry.  We therefore ran the hydroformylation in the 
presence of benzaldehyde, presuming that in-situ formation of 4.55 would protect the 
"-hydroxy aldehyde and prevent racemization.  Although our reaction produces 
aldehydes that may undergo dimerization, and form the same type of hemi-acetals, we 
were concerned that early in the course of the reaction, there would be insufficient 
quantities of aldehyde to effectively promote acetal formation.  Under these modified 
conditions, we found the enantioselective hydroformylation of 4.45 to proceed with 
higher ee than when run in the absence of benzaldehyde (Figure 4.18, entry 1), and 
that the hydroformylation of 4.52 proceeded with non-zero ee (Figure 4.18, entry 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
&%!Boeckman, R. K.; Miller, J. R. Org. Lett. 2009, 11, 4544-4547.!
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Figure 4.18. Benzaldehyde as an in-situ protection for "-hydroxy aldehydes. 
 
entry substrate major product yield ee (%) 
1  
 
68 44 
2 
  
68 8 
 
 
4.9 Conclusions 
 
We have demonstrated that our scaffolding ligand methodology can be applied to the 
hydroformylation of 1,2-disubstituted and trisubstituted olefins.  These reactions are 
performed under mild conditions and yield products in a highly regio- and 
diastereoselective fashion.  We were able to increase the synthetic utility of the 
reaction by demonstrating that the hydroformylation products could be isolated in 
either the aldehyde oxidation state as the pinacol acetals, or as the "-hydroxy acids.  
Additionally, we were able to show that the reaction could be run at lower ligand and 
catalyst loading and at higher concentration.  This allowed us to access gram 
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quantities of hydroformylation products. The starting materials for the 
hydroformylation reaction are readily accessible, and our methodology offers an 
alternative route to the formaldehyde aldol reaction to access "-hydroxy carbonyl 
compounds.  Preliminary investigations into the enantioselective hydroformylation of 
allylic alcohols demonstrated that while racemization of the "-hydroxy aldehydes 
might be occuring, in-situ hemi-acetal formation offers a solution to the problem. 
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4.10 Experimental Procedures 
 
General Considerations 
Unless otherwise noted, all reagents were obtained from commercial suppliers and 
used without further purification.  Cinnamyl alcohol was purchased from Aldrich 
Chemical Co. and was dried in a vacuum dessicator with P2O5 before use.  Cis- and 
trans-2-hexen-1-ol were purchased from Aldrich Chemical Co. and were fractionally 
distilled prior to use.  3-Methyl-2-buten-1-ol and allyl alcohol were purchased from 
Aldrich Chemical Co. and were distilled from CaSO4 and degassed by three 
successive freeze-pump-thaw cycles prior to being brought into a drybox for use.  
Lithium reagents were titrated against N-benzyl benzamide in THF at 0 °C.  Flash 
column chromatography was performed using Silicycle SiliaFlash F60 silica gel and 
ACS grade solvents as received from Fisher Scientific, except for methylene chloride 
which was distilled using a short path distillation head at ambient pressure (Note: 
methylene chloride as received contained a greasy yellow residue on evaporation).  
All experiments were performed in oven- or flame-dried glassware under an 
atmosphere of nitrogen or argon using standard syringe and cannula techniques, 
except where otherwise noted.  All reactions were run with dry, degassed solvents 
dispensed from a Glass Contour Solvent Purification System (SG Water, USA LLC).  
1H and 13C NMR spectroscopy were performed on either a Bruker AS400 400 MHz or 
a Varian VNMRS 500 MHz instrument.  Deuterated solvents were purchased from 
Cambridge Isotope Labs and stored over 3Å molecular sieves.  All NMR chemical 
 page 275!
shifts are reported in ppm relative to residual solvent.  Coupling constants are 
reported in Hz.  All IR spectra were gathered on a Bruker Alpha FT-IR equipped with 
a single crystal diamond ATR module and values are reported in cm!1.  High-
resolution mass spectrometry (HRMS) data was generated in Boston College 
facilities.  Hydroformylation was performed in an Argonaut Technologies Endeavor" 
Catalyst Screening System using 1:1 H2/CO supplied by Airgas, Inc.  Ligand L2 was 
prepared as previously reported by our group.63 
 
 
Substrate Syntheses 
 
The following compounds were made according to literature procedures and matched 
reported spectra: (E)-3-(4-methoxyphenyl)prop-2-en-1-ol,64, 65 (E)-3-cyclohexylprop-
2-en-1-ol,66, 67 (Z)-3-cyclohexylprop-2-en-1-ol,4,68 (2E,5E)-hepta-2,5-dien-1-ol,69  (Z)-
4-((tert-butyldiphenylsilyl)oxy)but-2-en-1-ol,70 4,7-dihydro-1,3,2-dioxathiepine 2-
oxide.71 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
&"!Lightburn, T. E.; Dombrowski, M. T.; Tan, K. L. J. Am. Chem. Soc. 2008, 130, 9210-9211. 
64 Charette, A. B.; Molinaro, C.; Brochu, C. J. Am. Chem. Soc., 2001, 123, 12168–12175. 
65 Vyas, D. J.; Oestreich, M. Chem. Commun., 2010, 46, 568-570. 
66 Goeppel, D.; Münster, I.; Brückner, R. Tetrahedron, 1994, 12, 3687-3708. 
67 Zimmer, L. E.; Charette, A. B. J. Am. Chem. Soc., 2009, 131, 15624–15626. 
68 Reed, S. A.; White, M. C. J. Am. Chem. Soc., 2008, 130, 3316–3318. 
69 Worthy, A. D.; Gagnon, M. M.; Dombrowski, M. T.; Tan, K. L. Org. Lett., 2009, 11, 2764–2767. 
70 Hu, T.; Schaus, J. V.; Lam, K.; Palfreyman, M. G.; Wuonola, M.; Gustafson, G.; Panek, J. S.  J. 
Org. Chem., 1998, 63, 2401–2406. 
71 Faucher, H.; Guimares, A. C.; Robert, J. B.; Sauriol, F.; St-Jacques, M. Tetrahedron, 1981, 37, 689-
701. 
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(E)-Methyl 3-(4-(trifluoromethyl)phenyl)acrylate (4.8). To a suspension of sodium 
hydride (310 mg, 12.6 mmol) in diethyl ether (40 mL) was added methyl-2-
(diethoxyphosphoryl) acetate (2.3 mL, 12.6 mmol) in diethyl ether (8 mL) dropwise. 
After stirring for 1 h at room temperature, 4-(trifluoromethyl)benzaldehyde (1.6 mL, 
11.5 mmol) in diethyl ether (2 mL) was added dropwise and the mixture was allowed 
to stir overnight. The resulting mixture was quenched with ammonium chloride, 
extracted with diethyl ether (3 x 30 mL) and dried over magnesium sulfate.  The 
crude product was purified on silica gel eluting with 10% ethyl acetate in hexanes to 
yield 680 mg (24%) of the title compound as a white solid. 1H NMR (CDCl3, 500 
MHz) & 7.69 (d, 1H, J= 16), 7.65-7.60 (m, 4H), 6.50 (d, 1H, J= 16), 3.82 (s, 3H); 13C 
NMR (CDCl3, 100 MHz) & 166.7, 142.8, 137.7, 131.7 (q, J= 32), 128.1, 126.1, 125.7 
(q, J= 271), 120.3, 51.7; IR: 2956, 1711, 1318, 1111, 1066 cm-1; HRMS (DART-
TOF) calcd. for C11H10F3O2 [M+H]
+: 231.0633, found: 231.0628. 
MeO
O
CF3
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(E)-3-(4-(Trifluoromethyl)phenyl)prop-2-en-1-ol (4.9).  A suspension of lithium 
aluminum hydride (318 mg, 8.40 mmol) in diethyl ether (8 mL) was cooled to 0 °C.  
Aluminum trichloride (511 mg, 2.80 mmol) in diethyl ether (4 mL) was added slowly.  
The mixture was allowed to warm to room temperature and was stirred for an 
additional 30 min. (E)-methyl 3-(4-(trifluoromethyl)phenyl)acrylate (680 mg, 2.8 
mmol) in diethyl ether (8 mL) was added dropwise and allowed to stir for 30 min.  
The reaction mixture was quenched with 15% aqueous sodium hydroxide and then 
acidified with 1M hydrochloric acid. The aqueous layer was extracted with diethyl 
ether (3 x 20 mL), washed with brine and dried over magnesium sulfate. The crude 
product was purified on silica gel eluting with 20% ethyl acetate in hexanes to yield 
420 mg (70 %) of the title compound as a white solid. 1H NMR (CDCl3, 400 MHz) & 
7.55 (d, 2H, J= 8.2), 7.46 (d, 2H, J= 8.2), 6.65 (d, 1H, J= 16), 6.44 (dt, 1H, J=16.0, 
5.4), 4.35 (d, 2H, J= 5.4); 13C NMR (CDCl3, 100 MHz) & 140.2, 131.2, 129.4 (q, J= 
32.7), 129.2, 126.5, 125.5 (q, J= 3.8), 124.1 (q, J= 271), 63.2; IR: 2374, 2937, 1337, 
1123, 856 cm-1; HRMS (DART-TOF) calcd. for C10H8F3 [M-H2O+H]
+: 185.0578, 
found: 185.0588. 
HO
CF3
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(E)-Methyl 3-(o-tolyl)acrylate (4.11).  To a suspension of sodium hydride (247 mg, 
10.3 mmol) in N,N-dimethylformamide (4.1 mL) at 0 °C was added methyl 
diethylphosphonoacetate (1.89 mL, 10.3 mmol) dropwise.  The reaction was warmed 
to room temperature for 15 min and re-cooled to 0 °C.  o-Tolualdehyde (1.35 g, 11.3 
mmol) in N,N-dimethylformamide (3.6 mL) was added and the reaction was stirred 
for 20 h.  The reaction was cooled to 0 °C, quenched with water (200 mL), extracted 
with ethyl acetate (3 x 50 mL), dried over anhydrous magnesium sulfate and 
concentrated.  Purification on silca gel eluting with 10% ethyl acetate in hexanes 
yielded 850 mg (43%) of a clear oil whose spectra matched those reported in the 
literature.72 
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(E)-3-(o-tolyl)prop-2-en-1-ol (4.12).  A 25 mL flask was charged with lithium 
aluminum hydride (499 mg, 13.1 mmol) and diethyl ether (13 mL).  The suspension 
was cooled to 0°C in an ice water bath and aluminum trichloride (561 mg, 4.2 mmol) 
was added and the reaction was stirred for 30 min.  (E)-methyl-3-(o-tolyl)acrylate 
(850 mg, 4.80 mmol) was added as a solution in diethyl ether (13 mL) and the 
reaction was stirred for 30 min.  The reaction was carefully quenched with 1M NaOH 
and then acidified with 1M HCl.  Brine was added and the aqueous layer extracted 
with diethyl ether (3 x 50 mL).  The combined organic layers were dried over 
anhydrous magnesium sulfate and concentrated.  Purification on silica gel eluting 
with 25% ethyl acetate in hexanes yielded 317 mg (44%) of the title compound as a 
clear oil.  1H NMR (CDCl3, 400 MHz) & 7.46-7.40 (m, 1H), 7.18-7.11 (m, 3H), 6.82 
(dt, 1H, J= 15.6, 1.6), 6.24 (dt, 1H, J= 15.6, 6.0), 4.33 (dd, 2H, J= 5.6, 1.6), 2.34 (s, 
3H); 13C NMR (CDCl3, 100 MHz) & 135.7, 135.5, 130.3, 129.8, 129.0, 127.6, 126.1, 
125.7, 64.0, 19.8; IR: 3372 (br), 3021, 2924, 2861, 1723, 1677, 1485, 1460, 968, 747 
cm-1; HRMS (DART-TOF) calcd. for C10H11 [M-H2O+H]
+: 131.0861, found: 
131.0859. 
 
HO
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(Z)-2-(4-Hydroxybut-2-en-1-yl)isoindoline-1,3-dione (4.18).  To a 100 mL flask 
was added 4,7-dihydro-1,3,2-dioxathiepine 2-oxide9 (2.99 g, 22.3 mmol), 
dimethylformamide (12 mL), and potassium phthalamide (3.54 g, 19.1 mmol) and the 
suspension was heated to 100 °C for 1 h.  The reaction was cooled and quenched by 
careful addition of water (32 mL).  The aqueous phase was extracted with diethyl 
ether (3 x 50 mL) and the combined organics were washed with water.  Purification 
on silica gel eluting with 35% ethyl acetate in hexane afforded 2.06 g (42%) of the 
title compound as a white solid. 1H NMR (CDCl3, 400 MHz) & 7.85-7.79 (m, 2H), 
7.73-7.67 (m, 2H), 5.92-5.85 (m, 1H), 5.58-5.50 (m, 1H), 4.41-4.34 (m, 4H), 2.56 (t, 
1H, J= 6.4); 13C NMR (CDCl3, 100 MHz) & 168.1, 134.1, 133.2, 132.0, 124.9, 123.4, 
58.0, 34.4; IR: 3458 (br), 2922, 1770, 1706, 1393, 1325, 716 cm-1; HRMS (DART-
TOF) calcd. for C12H12NO3 [M+H]
+: 218.0817, found: 218.0825. 
HO
N
O
O
 page 284!
 
 
N
O
O
HO
N
O
O
HO
 page 285!
Synthesis of (E)-3-methyloct-2-en-1-ol 
 
 
 
 
 
 
 
(E)-ethyl 3-methyloct-2-enoate (4.37).  To a flame dried 250 mL flask was added 
zirconocene dichloride (584 mg, 2.00 mmol).  Methylene chloride (40 mL) and 
hexane (15 mL) were added and the reaction was cooled to -30 °C.  Trimethyl 
aluminum (2.97 mL, 31.0 mmol) was added and the reaction was stirred at -30 °C for 
10 min.  Water (270 uL, 15.0 mmol) was added dropwise and the reaction was stirred 
for 10 min.  Hept-1-yne (1.31 mL, 10.0 mmol) was added as a solution in methylene 
chloride (15 mL) and the reaction was stirred for 15 min.  Ethyl chloroformate (1.15 
mL, 12.0 mmol) was added and the reaction was stirred for 30 min. allowing the 
reaction to warm to -10 °C.  The reaction was allowed to warm to room temperature 
and a saturated aqueous solution of potassium carbonate (3.1 mL) was added slowly.  
The reaction was stirred for 15 min., anhydrous magnesium sulfate (6.0 g) was added 
and the solution was filtered.  The solid was rinsed with diethyl ether (30 mL).  The 
EtO2C HO
Cp2ZrCl2
AlMe3
ClCO2Et
H2O
CH2Cl2
41%
iBu2AlH
toluene
80%
EtO2C
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combined organic layers were concentrated and purified on silica gel eluting with a 
gradient of 2-10% ethyl acetate in hexanes, affording 760 mg (41%) of the title 
compound as a clear oil. 1H NMR (CDCl3, 400 MHz) & 5.63 (s, 1H), 4.12 (q, 2H, J= 
7.4), 2.14-2.07 (m, 5H), 1.50-1.40 (m, 2H), 1.35-1.19 (m, 7H), 0.87 (t, 3H, J= 7.1); 
13C NMR (CDCl3, 100 MHz) & 166.9, 160.3, 115.4, 59.4, 40.9, 31.3, 27.0, 22.4, 18.7, 
14.3, 13.9; IR: 2957, 2931, 2860, 1715, 1648, 1460, 1220, 1144, 1111, 1041, 868 cm-
1; HRMS (DART-TOF) calcd. for C11H21O2 [M+H]
+: 185.1542, found: 185.1539. 
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(E)-3-methyloct-2-en-1-ol (4.38).  To a dry 50 ml flask was added (E)-ethyl 3-
methyloct-2-enoate (760 mg, 4.12 mmol) in toluene (9 mL).  The solution was cooled 
to 0 °C and DIBAL-H (1.62 mL, 9.10 mmol) was added dropwise as a solution in 
toluene (4 mL). The reaction was stirred overnight, allowing the reaction to warm to 
room temperature.  The reaction was poured onto aqueous HCl (1M, 20 mL).  The 
aqueous layer was extracted with ethyl acetate (3 x 50 mL), dried over anhydrous 
magnesium sulfate and purified on silica gel, eluting with a gradient of 10-20% ethyl 
acetate in hexanes, resulting in 469 mg (80%) of the title compound as a clear oil. 1H 
NMR (CDCl3, 400 MHz) & 5.42-5.35 (m, 1H), 4.16-4.10 (m, 2H), 1.98 (t, 2H, J= 
7.6), 1.64 (s, 3H), 1.44-1.12 (m, 7H), 0.87 (t, 3H, J= 7.1); 13C NMR (CDCl3, 100 
MHz) & 140.2, 123.0, 59.4, 39.5, 31.5, 27.3, 22.5, 16.1, 14.0; IR: 3415 (br), 2957, 
2926, 2858, 1669, 1458, 1379, 998 cm-1; HRMS (DART-TOF) calcd. for C9H17 [M-
H2O+H]
+: 125.1330, found: 125.1330. 
HO
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Synthesis of (Z)-3-methyloct-2-en-1-ol 
 
 
 
 
 
 
 
 
(E)-ethyl 2-methylhept-2-enoate (4.40).  In a drybox, (carbethoxyethylidene)-
triphenylphosphorane (5.0 g, 13.8 mmol) was weighed into a dry 250 mL flask.  The 
flask was brought out of the dry box and placed under a nitrogen atmosphere.  
Methylene chloride (42 mL) was added and valeraldehyde (1.34 mL, 12.5 mmol) was 
added dropwise.  The solution was stirred at room temperature for 4 h.  The reaction 
was concentrate to a slurry on a rotary evaporator and diluted with diethyl ether (60 
mL).  This suspension was filtered through a pad of silica gel, the silica gel was 
rinsed with diethyl ether (30 mL), and the combined organic solutions were again 
concentrated to a slurry.  Again, diethyl ether was added (60 mL) and the suspension 
was filtered though a pad of silica gel, rinsing with diethyl ether (30 mL).  The 
solution was concentrated and purified on silica gel eluting with a gradient of 2-4% 
CO2Et
O
OEt
O
PPh3
CH2Cl2
60%
1. LiAlH4, Et2O, 89%
2. TPAP, NMO, 
    CH2Cl2, MeCN, 58%
3. Ph3PCH3Br, 
tBuOK, 
    THF, 52% OH
1. Ni(cod)2
    PCy3
    HB(pin)
    toluene
2. H2O2, NaOH,
    THF, 84%
CO2Et
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ethyl acetate in hexane, resulting in 1.27 g (60%) of the title compound as a clear oil. 
1H NMR (CDCl3, 400 MHz) & 6.73 (dt, 1H, J= 6.1, 1.4), 4.16 (q, 2H, J= 7.2), 2.18-
2.10 (m, 2H), 1.81-1.78 (m, 3H), 1.44-1.22 (m, 7H), 0.88 (t, 3H, J= 7.0); 13C NMR 
(CDCl3, 100 MHz) & 168.3, 142.3, 127.6, 60.3, 30.7, 28.3, 22.4, 14.2, 13.8, 12.3; IR: 
2958, 2930, 1708, 1650, 1260, 1142, 1095, 745  cm-1; HRMS (DART-TOF) calcd. 
for C10H19O2 [M+H]
+: 171.1385, found: 171.1394. 
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(E)-2-methylhept-2-en-1-ol.  A solution of (E)-ethyl 2-methylhept-2-enoate (1.23 g, 
7.23 mmol) in diethyl ether (5 mL) was added to a suspension of lithium aluminum 
hydride (302 mg, 7.95 mmol) in diethyl ether (15 mL) at 0 °C.  The reaction was 
allowed to warm to room temperature and was stirred overnight.  The reaction was 
quenched by careful addition of water.  10% aqueous sulfuric acid (10 mL) was 
added and the aqueous layer was extracted with diethyl ether (3 x 60 mL).  The 
combined organic layers were dried over anhydrous magnesium sulfate and 
concentrated.  The residue was purified on silica gel, eluting with a gradient of 10-
15% ethyl acetate in hexane, resulting in 823 mg (89%) of the title compound as a 
clear oil. 1H NMR (CDCl3, 400 MHz) & 5.42-5.36 (m, 1H), 3.97 (s, 2H), 2.05-1.97 
(m, 2H), 1.64 (s, 3H), 1.38-1.22 (m, 5H), 0.87 (t, 3H, J= 7.2); 13C NMR (CDCl3, 100 
MHz) & 134.5, 126.6, 69.0, 31.6, 27.2, 22.3, 13.9, 13.6; IR: 3316 (br), 2957, 2924, 
2858, 1457, 1378, 1011 cm-1; HRMS (DART-TOF) calcd. for C8H15 [M-H2O+H]
+: 
111.1174, found: 111.1170. 
OH
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(E)-2-methylhept-2-enal.  A 100 mL flask with stir bar and 3Å mol. sieves was 
flame dried under vacuum and cooled under a nitrogen atmosphere.  N-
Methylmorpholine-N-oxide (66 mg, 0.19 mmol) was added, followed by methylene 
chloride (21 mL) and acetonitrile (2 mL). (E)-2-methylhept-2-en-1-ol (801 mg, 6.24 
mmol) was added as a solution in methylene chloride (3 mL).  The reaction was 
stirred for 25 min. and tetrapropylammonium perruthenate (66 mg, 0.19 mmol) was 
added.  The reaction was stirred for 4 h and concentrated to a black slurry.  The crude 
mixture was suspended in ethyl acetate/hexanes (1:1) and filtered through a plug of 
silica gel.  The solution was concentrated by rotary evaporation with a 10 °C water 
bath to yield 454 mg (58%) of the title compound and was used without further 
purification. 1H NMR (CDCl3, 400 MHz) & 9.38 (s, 1H), 6.50-6.44 (m, 1H), 2.37-
2.29 (m, 2H), 1.74-1.71 (m, 3H), 1.51-1.42 (m, 2H), 1.41-1.31 (m, 2H), 0.91 (t, 3H, 
J= 7.2); 13C NMR (CDCl3, 100 MHz) & 195.4, 155.0, 139.3, 30.5, 28.7, 22.4, 13.8, 
9.1; IR: 2958, 2931, 2862, 1687, 1644, 1280 cm-1; HRMS (DART-TOF) calcd. for 
C8H15O2 [M+H]
+: 127.1123, found: 127.1119. 
O
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(E)-3-methylocta-1,3-diene (4.41).  In a dry box a 100 mL flask was charged with 
methyl triphenylphosphonium bromide (1.38 g, 3.87 mmol) and potassium tert-
butoxide (434 mg, 3.87 mmol).  The flask was brought out of the dry box and placed 
under a nitrogen atmosphere.  The flask was cooled in an ice water bath and 
tetrahydrofuran (10 mL) was added.  The resulting yellow solution was stirred for 10 
min. at which time the flask was allowed to warm to room temperature and the 
reaction was stirred for an additional 30 min.  The reaction was re-cooled in an ice 
water bath and (E)-2-methylhept-2-enal (444 mg, 3.52 mmol) was added dropwise as 
a solution in tetrahydrofuran (1 mL).  The reaction was stirred for 15 min., the cold 
bath was removed, and stirring continued for an additional 2 hours.  The reaction was 
concentrated to a slurry on a rotary evaporator with a 10 °C water bath.  Diethyl ether 
(50 mL) was added and the suspension was filtered through silica gel, rinsing with 
diethyl ether (25 mL).  The solution was again concentrated to a slurry in the same 
fashion and pentane (50 mL) was added.  This suspension was filtered through silica 
gel.  Careful concentration (rotary evaporation with a 10 °C water bath) was followed 
by purification on silica gel using pentane as eluent, affording 225 mg (52%) of the 
title compound as a clear oil. 1H NMR (CDCl3, 400 MHz) & 6.35 (dd, 1H, J= 17.4, 
10.6), 5.50-5.44 (m, 1H), 5.30 (d, 1H, J= 17.4), 4.90 (d, 1H, J= 10.6), 2.16-2.08 (m, 
2H), 1.72 (s, 3H), 1.40-1.22 (m, 4H), 0.88 (t, 3H, J= 7.0); 13C NMR (CDCl3, 100 
MHz) & 141.6, 133.8, 133.5, 110.2, 31.6, 27.9, 22.4, 13.9, 11.6; IR: 2957, 2927, 
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2859, 1680, 1459, 1379, 989, 891 cm-1; HRMS (DART-TOF) calcd. for C9H17 
[M+H]+: 125.1330, found: 125.1336. 
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(Z)-3-methyloct-2-en-1-ol (4.42).  In a dry box bis(cyclooctadiene)nickel (0) (11.5 
mg, 0.042 mmol) and tricyclohexylphosphine (11.8 mg, 0.042 mmol) were added to a 
25 mL flask.  Toluene (6 mL) and pinacolborane (226 mg, 1.76 mmol) were added, 
followed by (E)-3-methylocta-1,3-diene (208 mg, 1.68 mmol) as a solution in toluene 
(1 mL).  The reaction was brought out of the dry box and was stirred for 4 h under an 
atmosphere of argon.  The reaction was cooled in an ice water bath, tetrahydrofuran 
(7 mL) was added, followed by aqueous sodium hydroxide (3M, 2 mL) and cold 35% 
aqueous hydrogen peroxide (2 mL).  The reaction was stirred for 3 h while warming 
to room temperature with the warming of the ice water bath.  The reaction was re-
cooled in an ice water bath and was quenched with careful addition of saturated 
aqueous sodium thiosulfate (2 mL) (Caution: Delayed exotherm!).  The reaction was 
diluted with water (10 mL) and the aqueous layer was extracted with ethyl acetate (3 
x 30 mL).  The combined organics were dried over anhydrous magnesium sulfate and 
concentrated.  Purification on silica gel eluting with 10% ethyl acetate in hexane 
afforded 200 mg (84%) of the title compound as a clear oil.  1H NMR (CDCl3, 400 
MHz) & 5.42-5.36 (m, 1H), 4.14-4.08 (m, 2H), 2.07-2.01 (m, 2H), 1.73-1.70 (m, 3H), 
1.41-1.18 (m, 6H), 1.06 (br s, 1H), 0.87 (t, 3H, J= 7.0); 13C NMR (CDCl3, 100 MHz) 
& 140.6, 123.9, 59.1, 31.8, 31.6, 27.9, 23.4, 22.5, 14.1; IR: 3315, 2957, 2928, 2858, 
HO
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1448, 1377, 999 cm-1; HRMS (DART-TOF) calcd. for C9H17 [M-H2O+H]
+: 125.1330, 
found: 125.1331. 
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Branch Selective Hydroformylation Using L2 
 
 
Hydroformylation General Procedure A.  An oven dried glass reaction vial 
containing substrate (0.60 mmol) was placed in the Endeavor.  The Endeavor was 
sealed and purged with nitrogen (4 x 100 psi).  In a dry box a solution of 
dicarbonylacetylacetonato rhodium (I)  (1 mol %, 1.5 mg, 0.006 mmol), ligand L2 
(10 mol %, 17.1 mg, 0.06 mmol), a solution of anhydrous p-toluene sulfonic acid 
(0.05 mol %, 527 uL, 5.69x10-4 M in benzene) and benzene (6 mL) were combined in 
OH
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a syringe.  This solution was taken out of the dry box and injected into the Endeavor.  
The Endeavor was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, 
and the Endeavor was heated to and held at 45 °C for 10 minutes.  Stirring was 
stopped, the Endeavor was charged with 100 psi H2/CO, stirring was re-initiated at 
700 rpm, and the Endeavor was maintained at 45 °C and 100 psi H2/CO for 16 h.  The 
Endeavor was vented to ambient pressure and cooled to ambient temperature. 
 
Hydroformylation General Procedure B. An oven dried glass reaction vial 
containing substrate (0.20 mmol) was placed in the Endeavor.  The Endeavor was 
sealed and purged with nitrogen (4 x 100 psi).  In a dry box a solution of 
dicarbonylacetylacetonato rhodium (I)  (1 mol %, 0.52 mg, 0.002 mmol), ligand L2 
(10 mol %, 5.7 mg, 0.02 mmol), a solution of anhydrous p-toluene sulfonic acid (0.05 
mol %, 175 uL, 5.69x10-4 M in benzene) and benzene (2 mL) were combined in a 
syringe.  This solution was taken out of the dry box and injected into the Endeavor.  
The Endeavor was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, 
and the Endeavor was heated to and held at 45 °C for 10 minutes.  Stirring was 
stopped, the Endeavor was charged with 100 psi H2/CO, stirring was re-initiated at 
700 rpm, and the Endeavor was maintained at 45 °C and 100 psi H2/CO for 16 h.  The 
Endeavor was vented to ambient pressure and cooled to ambient temperature. 
 
Hydroformylation General Procedure C.  An oven dried glass reaction vial 
containing substrate (0.60 mmol) was placed in the Endeavor.  The Endeavor was 
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sealed and purged with nitrogen (4 x 100 psi).  In a dry box a solution of 
dicarbonylacetylacetonato rhodium (I)  (2 mol %, 3.0 mg, 0.012 mmol), ligand L2 
(20 mol %, 34.2 mg, 0.12 mmol), a solution of anhydrous p-toluene sulfonic acid 
(0.02 mol %, 211 uL, 5.69 x10-4 M in benzene) and benzene (6 mL) were combined 
in a syringe.  This solution was taken out of the dry box and injected into the 
Endeavor.  The Endeavor was purged with nitrogen (1 x 100 psi), stirring was started 
at 250 rpm, and the Endeavor was heated to and held at 55 °C for 10 minutes.  
Stirring was stopped, the Endeavor was charged with 50 psi H2/CO, stirring was re-
initiated at 700 rpm, and the Endeavor was maintained at 55 °C and 50 psi H2/CO for 
16 h.  The Endeavor was vented to ambient pressure and cooled to ambient 
temperature. 
 
Hydroformylation General Procedure D.  An oven dried glass reaction vial 
containing substrate (0.20 mmol) was placed in the Endeavor.  The Endeavor was 
sealed and purged with nitrogen (4 x 100 psi).  In a dry box a solution of 
dicarbonylacetylacetonato rhodium (I)  (2 mol %, 1.5 mg, 0.004 mmol), ligand L2 
(20 mol %, 11.4 mg, 0.04 mmol), a solution of anhydrous p-toluene sulfonic acid 
(0.02 mol %, 70 uL, 5.69 x 10-4 M in benzene) and benzene (2 mL) were combined in 
a syringe.  This solution was taken out of the dry box and injected into the Endeavor.  
The Endeavor was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, 
and the Endeavor was heated to and held at 55 °C for 10 minutes.  Stirring was 
stopped, the Endeavor was charged with 50 psi H2/CO, stirring was re-initiated at 700 
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rpm, and the Endeavor was maintained at 55 °C and 50 psi H2/CO for 16 h.  The 
Endeavor was vented to ambient pressure and cooled to ambient temperature. 
 
 
Hydroformylation General Procedure E. An oven dried glass reaction vial 
containing substrate (0.60 mmol) was placed in the Endeavor.  The Endeavor was 
sealed and purged with nitrogen (4 x 100 psi).  In a dry box a solution of 
dicarbonylacetylacetonato rhodium (I)  (2 mol %, 3.1 mg, 0.012 mmol), 
triphenylphosphine (4 mol %, 6.3 mg, 0.024 mmol) and benzene (6 mL) were 
combined in a syringe.  This solution was taken out of the dry box and injected into 
the Endeavor.  The Endeavor was purged with nitrogen (1 x 100 psi), stirring was 
started at 250 rpm, and the Endeavor was heated to and held at 45 °C for 10 minutes.  
Stirring was stopped, the Endeavor was charged with 100 psi H2/CO, stirring was re-
initiated at 700 rpm, and the Endeavor was maintained at 45 °C and 100 psi H2/CO 
for 16 h.  The Endeavor was vented to ambient pressure and cooled to ambient 
temperature. 
 
 
 
 
 
 
 page 306!
Pinnick Oxidation General Procedures 
 
Pinnick Oxidation General Procedure F.  The crude hydroformylation reaction 
mixture was concentrated on a rotary evaporator in a glass scintillation vial, a 
magnetic stir bar added, and t-BuOH (3 mL), 2-methyl-2-butene (636 uL, 6.0 mmol), 
and a solution of sodium phosphate (288 mg, 2.4 mmol) and sodium chlorite (tech. 
grade (80%), 272 mg, 2.4 mmol) in water (3 mL) was added dropwise.  The reaction 
was stirred vigorously for 6 hours.  Saturated aqueous sodium chloride (1 mL) and 
1M aqueous hydrogen chloride (1 mL) were added and the aqueous layer was 
extracted with dichloromethane (5 x 20 mL).  The combined organic layers were 
dried over anhydrous magnesium sulfate, filtered and concentrated. The residue was 
analyzed by NMR to determine the regioselectivity of the reaction.  Purification on 
silica gel (1-5% MeOH in CH2Cl2) afforded pure carboxylic acid products. 
 
Note: An impurity, presumably arising from the use of 2-methyl-2-butene as an 
HOCl scavenger, has a very similar polarity on silica gel as the desired carboxylic 
acid products.  This impurity is not seen when Pinnick Oxidation General Procedure 
G is followed. 
 
Pinnick Oxidation General Procedure G. The crude hydroformylation reaction 
mixture was concentrated on a rotary evaporator in a glass scintillation vial, a 
magnetic stir bar added, and acetonitrile (1.5 mL), water (1.5 mL), sodium phosphate 
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(288 mg, 2.40 mmol), and 35% aqueous H2O2 (240 uL, 2.46 mmol) were added to the 
vial.  The reaction was cooled in a water bath to 10 °C and a solution of sodium 
chlorite (tech. grade 80%, 272 mg, 2.4 mmol) in water (1.5 mL) was added dropwise.  
The reaction was stirred for 3 hours, warming to room temperature with the water 
bath.  Sodium sulfite (spatula tip) was added to quench the reaction and 1M aqueous 
hydrogen chloride (6 mL) was added.  The reaction was extracted with methylene 
chloride (5 x 20 mL), dried over anhydrous magnesium sulfate, filtered and 
concentrated.  The residue was analyzed by NMR spectroscopy to determine the 
regioselectivity of the reaction.  Purification on silica gel (1-5% MeOH in CH2Cl2) 
afforded pure carboxylic acid products. 
 
 
Pinacol Acetal Protection General Procedure 
 
Pinacol Acetal Protection General Procedure H.  The crude hydroformylation 
reaction mixture was transferred to a glass scintillation vial using 1 mL of benzene to 
rinse out the reaction vial.  Pinacol (300 mg, 2.50 mmol) and a catalytic amount of p-
toluene sulfonic acid (~10 mg) were added and the vials were sealed with rubber 
septa and black electrical tape and placed under a nitrogen atmosphere.  The vials 
were placed on a sand bath at 80 °C and were stirred for 90 minutes.  The reactions 
were cooled, concentrated, and analyzed by NMR to determine the regioselectivity of 
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the reaction.  Purification on silica gel eluting with a gradient of 5-20% ethyl acetate 
in hexane afforded pure acetal products. 
 
 
Experimental Details and Spectral Data for Compounds Prepared 
 
 
Figure 4.7, entry 2: 
 
 
 
2-benzyl-3-hydroxypropanoic acid (4.24).  Hydroformylation of cinnamyl alcohol 
was performed following General Procedure B and oxidation following General 
Procedure G.  Analysis of the crude oxidation showed a regioselectivity of 95:5.  
Purification on silica gel eluting with 1-5% methanol in methylene chloride afforded 
the title compound as a white solid (29.8 mg, 83%).  1H NMR (CDCl3, 400 MHz) & 
7.32-7.17 (m, 5H), 3.81-3.67 (m, 2H), 3.11-2.99 (m, 1H), 2.91-2.80 (m, 2H); 13C 
NMR (CDCl3, 100 MHz) & 179.6, 138.2, 128.9, 128.7, 126.6, 61.9, 48.8, 34.0; IR: 
3061, 3028, 2945, 1709, 1244, 1199, 1030, 742, 700 cm-1; HRMS (DART-TOF) 
calcd. for C10H13O3 [M+H]
+: 181.0865, found: 181.0861. 
HO
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Figure 4.7, Compound 4.25: 
 
 
 
3-phenyldihydrofuran-2(3H)-one. Hydroformylation of cinnamyl alcohol was 
performed following General Procedure E and oxidation following General Procedure 
F afforded the title compound in sufficient quantity for analysis.  1H NMR (CDCl3, 
400 MHz) & 7.39-7.33 (m, 2H), 7.32-7.26 (m, 3H), 4.47 (app dt, 1H, J= 8.9, 3.3), 
4.34 (app dt, 1H, J= 8.9, 6.6), 3.80 (app t, 1H, J= 9.6), 2.76-2.38 (m, 1H), 2.49-2.38 
(m, 1H); 13C NMR (CDCl3, 100 MHz) & 177.3, 136.6, 128.9, 127.9, 127.6, 66.5, 
45.5, 31.6; IR: 3063, 3031, 2990, 2913, 2251, 1762, 1498, 1453, 1372, 1147, 1023, 
908, 728, 696, 554 cm-1; HRMS (DART-TOF) calcd. for C10H11O2 [M+H]
+: 
163.0759, found: 163.0760. 
O
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Figure 4.8, Entry 1: 
 
 
 
3-hydroxy-2-(4-methoxybenzyl)propanoic acid. Hydroformylation of (E)-3-(4-
methoxyphenyl)prop-2-en-1-ol was performed following General Procedure A 
[except pressure (50 psi) and acid loading (0.012 mol % p-TsOH)] and oxidation 
following General Procedure F.  Analysis of the crude oxidation showed a 
regioselectivity of  >95:5.  Purification on silica gel eluting with 1-5% methanol in 
methylene chloride afforded the title compound (109 mg, 87%).  1H NMR (CDCl3, 
500 MHz) & 7.10 (d, 2H, J= 8.5), 6.81 (d, 2H, J= 8.5), 3.76 (s, 3H), 3.74-3.68 (m, 
2H), 2.99-2.96 (m, 1H), 2.85-2.75 (m, 2H); 13C NMR (CDCl3, 100 MHz) & 179.7, 
158.3, 130.1, 129.9, 113.9, 61.9, 55.2, 49.0, 33.2; IR: 2933, 1706, 1512, 1244, 1030 
cm-1; HRMS (DART-TOF) calcd. for C11H15O4 [M+H]
+: 211.0970, found: 211.0979. 
HO
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3-(4-methoxyphenyl)dihydrofuran-2(3H)-one. Hydroformylation of (E)-3-(4-
methoxyphenyl)prop-2-en-1-ol was performed following General Procedure E and 
oxidation following General Procedure F and afforded the title compound in 
sufficient quantity for analysis.  1H NMR (CDCl3, 500 MHz) & 7.19 (d, 2H, J= 8.5), 
6.88 (d, 2H, J= 8.5), 4.44 (dt, 1H, J= 9.0, 4.0), 4.31 (dt, 1H, J= 9.5, 6.5), 3.78 (s, 
3H), 3.74 (app t, 1H, J= 9.0), 2.70-2.64 (m, 1H), 2.43-2.35 (m, 1H); 13C NMR 
(CDCl3, 100 MHz) & 177.7, 159.0, 131.6, 128.9, 114.3, 66.4, 55.3, 44.7, 31.6; IR: 
2917, 1764, 1513, 1242, 1149, 1025 cm-1; HRMS (DART-TOF) calcd. for C11H13O3 
[M+H]+: 193.0865, found: 193.0869. 
O
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Figure 4.8, Entry 2: 
 
 
 
 
3-hydroxy-2-(4-(trifluoromethyl)benzyl)propanoic acid. Hydroformylation of (E)-
3-(4-(trifluoromethyl)phenyl)prop-2-en-1-ol was performed following General 
Procedure B [except pressure (50 psi) and acid loading (0.012 mol % p-TsOH)] and 
oxidation following General Procedure G. Analysis of the crude oxidation showed a 
regioselectivity of  >95:5.  Purification on silica gel eluting with 1-5% methanol in 
methylene chloride afforded the title compound as a clear oil (30.7 mg, 62%).  1H 
NMR (CDCl3, 400 MHz) & 7.54 (d, 2H, J= 8.0), 7.32 (d, 2H, J= 8.0), 3.81 (dd, 1H, 
J= 11.2, 3.4), 3.70 (dd, 1H, J= 11.2, 6.4), 3.10 (dd, 1H, J= 13.4, 6.4), 2.98-2.82 (m, 
2H); 13C NMR (CDCl3, 100 MHz) & 178.5, 142.3, 129.2, 128.9 (q, J= 32.5), 125.5 (q, 
J= 3.7), 124.1 (q, J= 270), 61.7, 48.4, 33.6; IR:  2942, 1710, 1323, 1161, 1111, 1067, 
1019 cm-1; HRMS (DART-TOF) calcd. for C11H12F3O3 [M+H]
+: 249.0738, found: 
249.0737. 
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3-(4-(trifluoromethyl)phenyl)dihydrofuran-2(3H)-one. Hydroformylation of (E)-3-
(4-(trifluoromethyl)phenyl)prop-2-en-1-ol was performed following General 
Procedure E and oxidation following General Procedure F and afforded the title 
compound in sufficient quantity for analysis.  1H NMR (CDCl3, 500 MHz) & 7.62 (d, 
2H, J= 8.5), 7.42 (d, 2H, J= 8.5), 4.49 (dt, 1H, J= 8.5, 2.5), 4.36 (dt, 1H, J= 9.5, 
6.5), 3.87 (app t, 1H, J= 9.0), 2.78-2.71 (m, 1H), 2.49-2.40 (m, 1H); 13C NMR 
(CDCl3, 100 MHz) & 176.5, 140.5, 130.0 (q, J= 32.5), 128.3, 125.8 (q, J= 3.7), 123.9 
(q, J= 271), 66.5, 45.2, 31.3; IR: 2916, 1768, 1324, 1159, 1114, 1067 cm-1; HRMS 
(DART-TOF) calcd. for C11H10F3O2 [M+H]
+: 231.0633, found: 231.0642. 
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Figure 4.8, Entry 3: 
 
 
 
3-hydroxy-2-(2-methylbenzyl)propanoic acid. Hydroformylation of (E)-3-(o-
tolyl)prop-2-en-1-ol was performed following General Procedure A [except pressure 
(50 psi) and acid loading (0.012 mol % p-TsOH)] and oxidation following General 
Procedure F.  Analysis of the crude oxidation showed a regioselectivity of 94:6.  
Purification on silica gel eluting with 1-5% methanol in methylene chloride afforded 
the title compound as a clear oil (108 mg, 93%).  1H NMR (CDCl3, 400 MHz) & 7.19-
7.13 (m, 4H), 3.86-3.72 (m, 2H), 3.15-3.07 (m, 1H), 2.92-2.84 (m, 2H), 2.36 (s, 3H); 
13C NMR (CDCl3, 100 MHz) & 179.6, 136.5, 136.3, 130.5, 129.6, 126.8, 126.0, 62.0, 
47.7, 31.3, 19.3; IR: 3018, 2948, 1704, 1459, 1408, 1382, 1242, 1185, 1026, 740 cm-
1; HRMS (DART-TOF) calcd. for C11H15O3 [M+H]
+: 195.1021, found: 195.1027. 
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3-(o-tolyl)dihydrofuran-2(3H)-one. Hydroformylation of (E)-3-(o-tolyl)prop-2-en-
1-ol was performed following General Procedure E and oxidation following General 
Procedure F and afforded the title compound in sufficient quantity for analysis.  1H 
NMR (CDCl3, 400 MHz) & 7.20-7.17 (m, 3H), 7.15-7.11 (m, 1H), 4.47 (app dt, 1H, 
J= 9.2, 4.0), 4.36 (app dt, 1H, J=9.2, 7.0), 3.98 (app t, 1H, J= 9.2), 2.74-2.64 (m, 
1H), 2.36-2.25 (m, 4H); 13C NMR (CDCl3, 100 MHz) & 177.7, 136.3, 135.5, 130.8, 
127.6, 127.2, 126.6, 66.5, 42.9, 31.1, 19.7; IR: 2980, 2913, 1766, 1494, 1461, 1372, 
1152, 1025, 754 cm-1; HRMS (DART-TOF) calcd. for C11H13O2 [M+H]
+: 177.0916, 
found: 177.0919. 
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Figure 4.8, Entry 4 and 5: 
 
 
 
2-(hydroxymethyl)hexanoic acid. 
 
Hydroformylation of trans-2-hexen-1-ol was performed following General Procedure 
C [except pressure (50 psi) and acid loading (0.10 mol % p-TsOH)] and oxidation 
following General Procedure F.  Analysis of the crude oxidation showed a 
regioselectivity of >95:5.  Purification on silica gel eluting with 1-5% methanol in 
methylene chloride afforded the title compound (71 mg, 81%). 
 
Hydroformylation of cis-2-hexen-1-ol was performed following General Procedure C 
[except pressure (50 psi) and acid loading (0.10 mol % p-TsOH)] and oxidation 
following General Procedure G.  Analysis of the crude oxidation showed a 
regioselectivity of >95:5.  Purification on silica gel eluting with 1-5% methanol in 
methylene chloride afforded the title compound (81 mg, 92%). 
 
1H NMR (CDCl3, 400 MHz) & 3.79-3.73 (m, 2H), 2.61-2.56 (m, 1H), 1.67-1.62 (m, 
2H), 1.54-1.49 (m, 2H), 1.34-1.29 (m, 2H), 0.88 (t, 3H, J= 7.0); 13C NMR (CDCl3, 
100 MHz) & 180.3, 62.9, 47.4, 29.3, 27.9, 22.5, 13.8; IR: 3309 (br), 2956, 2931, 
HO
CO2H
 page 325!
2862, 1704, 1189, 1028, 625, 540 cm-1; HRMS (DART-TOF) calcd. for C7H15O3 
[M+H]+: 147.1021, found: 147.1025. 
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3-propyldihydrofuran-2(3H)-one. Hydroformylation of trans-2-hexen-1-ol was 
performed following General Procedure E and oxidation following General Procedure 
F and afforded the title compound in sufficient quantity for analysis.  1H NMR 
(CDCl3, 500 MHz) & 4.33 (app dt, 1H, J= 9.0, 3.0), 4.18 (app dt, 1H, J= 9.0, 7.0), 
2.55-2.48 (m, 1H), 2.41-2.35 (m, 1H), 1.97-1.90 (m, 1H), 1.88-1.82 (m, 1H), 1.47-
1.38 (m, 3H), 0.95 (t, 3H, J= 7.5); 13C NMR (CDCl3, 100 MHz) & 179.6, 66.4, 38.9, 
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32.4, 28.6, 20.5, 13.7; IR: 2958, 1764, 1214, 1078, 865 cm-1; HRMS (DART-TOF) 
calcd. for C7H13O2 [M+H]
+: 129.0916, found: 129.0910. 
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Figure 4.8, Entry 6 and 7: 
 
 
3-cyclohexyl-2-(hydroxymethyl)propanoic acid. 
 
Hydroformylation of (E)-3-cyclohexylprop-2-en-1-ol was performed following 
General Procedure A [except temperature (35 °C), pressure (50 psi) and acid loading 
(0.025 mol % p-TsOH)] and oxidation following General Procedure F.  Analysis of 
O
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the crude oxidation showed a regioselectivity of  >95:5.  Purification on silica gel 
eluting with 1-5% methanol in methylene chloride afforded the title compound as a 
clear oil (80.5 mg, 72%). 
 
Hydroformylation of (Z)-3-cyclohexylprop-2-en-1-ol was performed following 
General Procedure A [except pressure (50 psi) and acid loading (0.025 mol % p-
TsOH)] and oxidation following General Procedure F. Analysis of the crude 
oxidation showed a regioselectivity of  >95:5.  Purification on silica gel eluting with 
1-5% methanol in methylene chloride afforded the title compound as a clear oil (91.6 
mg, 82%) 
 
1H NMR (CDCl3, 400 MHz) & 3.78-3.70 (m, 2H), 2.76-2.66 (m, 1H), 1.80-1.52 (m, 
6H), 1.38-1.06 (m, 5H), 0.95-0.81 (m, 2H); 13C NMR (CDCl3, 100 MHz) & 181.0, 
63.3, 44.8, 35.7, 35.2, 33.2, 33.1, 26.4, 26.10, 26.08; IR: 2921, 2851, 1706, 1448, 
1191, 1023, 906, 732 cm-1; HRMS (DART-TOF) calcd. for C10H19O3 [M+H]
+: 
187.1334, found: 187.1333. 
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3-cyclohexyldihydrofuran-2(3H)-one. Hydroformylation of (E)-3-cyclohexylprop-
2-en-1-ol was performed following General Procedure E and oxidation following 
General Procedure F and afforded the title compound in sufficient quantity for 
analysis.  1H NMR (CDCl3, 400 MHz) & 4.27 (app dt, 1H, J= 8.8, 4.0), 4.20-4.12 (m, 
1H), 2.49-2.41 (m, 1H), 2.25-2.15 (m, 1H), 2.11-2.00 (m, 1H), 1.88-1.54 (m, 6H), 
1.34-1.21 (m, 2H), 1.18-1.01 (m, 3H); 13C NMR (CDCl3, 100 MHz) & 178.8, 66.6, 
56.5, 44.6, 37.9, 31.1, 28.6, 26.2, 26.1, 24.7; IR: 2924, 2852, 1768, 1581, 1450, 1371, 
1185, 1027 cm-1; HRMS (DART-TOF) calcd. for C10H17O2 [M+H]
+: 169.1228, found: 
169.1222. 
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Figure 4.8, Entry 8: 
 
 
4-(1,3-dioxoisoindolin-2-yl)-2-(hydroxymethyl)butanoic acid. 
Hydroformylation of (Z)-2-(4-hydroxybut-2-en-1-yl)isoindoline-1,3-dione was 
performed following General Procedure A [except acid loading (0.025 mol % p-
TsOH)] and oxidation following General Procedure F.  Analysis of the crude 
oxidation showed a regioselectivity of 88:12.  Purification on silica gel eluting with 1-
5% methanol in methylene chloride afforded the title compound as a white solid (75.2 
mg, 71%).  1H NMR (CD3OD, 400 MHz) & 7.84-7.80 (m, 2H), 7.79-7.74 (m, 2H), 
3.80-3.65 (m, 4H), 2.56-2.48 (m, 1H), 2.09-1.98 (m, 1H), 1.93-1.83 (m, 1H); 13C 
NMR (CD3OD, 100 MHz) & 175.8, 168.4, 133.9, 132.0, 122.6, 62.4, 45.8, 35.7, 26.8; 
IR: 3463, 3062, 1699, 1397, 1371, 1187, 908, 717, 529 cm-1; HRMS (DART-TOF) 
calcd. for C13H14N1O5 [M+H]
+: 264.0872, found: 264.0878. 
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2-((2-oxotetrahydrofuran-3-yl)methyl)isoindoline-1,3-dione. 
Hydroformylation of (Z)-2-(4-hydroxybut-2-en-1-yl)isoindoline-1,3-dione was 
performed following General Procedure E and oxidation following General Procedure 
F and afforded the title compound in sufficient quantity for analysis. (Note: 
Chromatography was not required; the title compound spontaneously crystallized out 
of methylene chloride solution and was filtered and rinsed with pentane yielding pure 
material.)  1H NMR (CDCl3, 400 MHz) & 7.84-7.80 (m, 2H), 7.79-7.74 (m, 2H), 
3.78-3.65 (m, 4H), 2.55-2.48 (m, 1H), 2.08-1.98 (m, 1H), 1.92-1.83 (m, 1H); 13C 
NMR (CD3OD, 100 MHz) & 175.8, 168.4, 133.8, 132.0, 122.6, 62.4, 45.8, 32.7, 26.8; 
IR: 3459 (br), 2946, 1699, 1398, 1188, 1039, 720 cm-1; HRMS (DART-TOF) calcd. 
for C13H12NO4 [M+H]
+: 246.0766, found: 246.0765. 
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Figure 4.8, Entry 9: 
 
 
 
 
4-((tert-Butyldiphenylsilyl)oxy)-2-(hydroxymethyl)butanoic acid. 
Hydroformylation of (Z)-4-((tert-butyldiphenylsilyl)oxy)but-2-en-1-ol was performed 
following General Procedure A [except acid loading (0.20 mol % p-TsOH)] and 
oxidation following General Procedure F.  Analysis of the crude oxidation showed a 
regioselectivity of 85:15.  Purification on silica gel eluting with 1-5% methanol in 
methylene chloride afforded the title compound as a clear oil (187.9 mg, 84%).  1H 
NMR (CDCl3, 400 MHz) & 7.68-7.63 (m, 4H), 7.45-7.34 (m, 6H), 3.58-3.54 (m, 4H), 
2.58-2.56 (m, 1H), 2.04-1.94 (m, 1H), 1.85-1.75 (m, 1H), 1.04 (s, 9H); 13C NMR 
(CDCl3, 100 MHz) & 180.0, 135.5, 133.1, 129.8, 127.8, 62.8, 61.8, 44.5, 30.9, 26.8, 
19.1; IR: 3071, 2956, 2857, 1708, 1427, 1107, 822, 737, 701, 613, 504 cm-1; HRMS 
(DART-TOF) calcd. for C21H29O4Si [M+H]
+: 373.1835, found: 373.1845. 
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3-(((tert-Butyldiphenylsilyl)oxy)methyl)dihydrofuran-2(3H)-one. 
Hydroformylation of (Z)-4-((tert-butyldiphenylsilyl)oxy)but-2-en-1-ol was performed 
following General Procedure E and oxidation following General Procedure F and 
afforded the title compound in sufficient quantity for analysis.  1H NMR (CDCl3, 400 
MHz) & 7.67-7.76 (m, 4H), 7.46-7.33 (m, 6H), 4.43-4.35 (m, 1H), 4.30-4.22 (m, 1H), 
4.01 (dd, 1H, J= 10.0, 4.6), 3.83 (dd, 1H, J= 10.0, 3.2), 2.74-2.66 (m, 1H), 2.41-2.31 
(m, 2H), 1.03 (s, 9H); 13C NMR (CDCl3, 100 MHz) & 177.9, 135.7, 135.5, 129.8, 
127.8, 67.1, 62.8, 42.0, 29.7, 26.7, 25.3; IR: 2931, 2857, 1773, 1428, 1111, 1024, 
702, 504 cm-1; HRMS (DART-TOF) calcd. for C21H30NO3Si [M+NH4]
+: 372.1995, 
found: 372.1988. 
O
O
OTBDPS
 page 340!
 
 
O
O
OTBDPS
O
O
OTBDPS
 page 341!
Figure 4.10, Compound 4.35: 
 
 
2-(Hydroxymethyl)-3-methylbutanoic acid (4.35).  Hydroformylation of 3-methyl-
2-buten-1-ol was performed following General Procedure C (except the substrate was 
included in the solution during preparation in a dry box) and oxidation following 
General Procedure G.  Purification on silica gel eluting with 1-5% methanol in 
methylene chloride afforded the title compound as a clear oil (68 mg, 85%).  Note:  
Due to the water solubility of this compound, the oxidation reaction was quenched 
and acidified as noted in General Procedure G, and then concentrated to a slurry 
which was dissolved in methanol and dry loaded on silica gel prior to 
chromatography.  1H NMR (CDCl3, 400 MHz) & 3.86 (dd, 1H, J= 11.2, 8.8), 3.61 
(dd, 1H, J= 11.2, 4.2), 2.41 (ddd, 1H, J= 8.8, 7.2, 4.2), 2.08-1.95 (m, 1H), 0.98 (d, 
3H, J= 6.8), 0.97 (d, 3H, J= 6.8); 13C NMR (CDCl3, 100 MHz) & 180.0, 61.3, 54.0, 
27.6, 20.5, 20.0; IR: 2963, 1705, 1467, 1392, 1269, 1195, 1064, 1013, 830, 659 cm-1; 
HRMS (DART-TOF) calcd. for C6H13O3 [M+H]
+: 133.0865, found: 133.0860. 
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Figure 4.13, Compound 4.43: 
 
 
 
 
Anti-2-(hydroxymethyl)-3-methyloctanoic acid (4.43). Hydroformylation of (E)-3-
methyloct-2-en-1-ol was performed following General Procedure C and oxidation 
following General Procedure G.  Purification on silica gel eluting with 1-5% 
methanol in methylene chloride afforded the title compound as a clear oil (83.3 mg, 
74%).  1H NMR (CDCl3, 400 MHz) & 3.87 (dd, 1H, J= 11.2, 9.0), 3.73 (dd, 1H, J= 
11.2, 3.8), 2.58-2.50 (m, 1H), 1.98-1.86 (m, 1H), 1.42-1.14 (m, 9H), 0.91 (d, 3H, J= 
6.8), 0.85 (t, 3H, J= 6.8); 13C NMR (CDCl3, 100 MHz) & 180.4, 60.5, 52.5, 34.5, 
32.7, 31.8, 26.7, 22.6, 16.6, 14.0; IR: 2957, 2927, 2857, 1707, 1461, 1381, 1188, 
1035 cm-1; HRMS (DART-TOF) calcd. for C10H21O3 [M+H]
+: 189.1491, found: 
189.1500. 
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Figure 4.13, Compound 4.44: 
 
 
 
Syn-2-(hydroxymethyl)-3-methyloctanoic acid (4.44). Hydroformylation of (Z)-3-
methyloct-2-en-1-ol was performed following General Procedure D and oxidation 
following General Procedure G.  Purification on silica gel eluting with 1-5% 
methanol in methylene chloride afforded the title compound as a clear oil (32.7 mg, 
87%). 1H NMR (CDCl3, 400 MHz) & 3.89 (dd, 1H, J= 11.0, 9.0), 3.72 (dd, 1H, J= 
11.0, 3.9), 2.61-2.52 (m, 1H), 1.91-1.79 (m, 1H), 1.48-1.10 (m, 9H), 0.94 (d, 3H, J= 
6.8), 0.86 (t, 3H, J= 6.9); 13C NMR (CDCl3, 100 MHz) & 180.1, 61.5, 52.6, 34.1, 
32.6, 31.8, 26.6, 22.6, 17.1, 14.0; IR: 2957, 2927, 2858, 1704, 1461, 1383, 1189, 
1015 cm-1; HRMS (DART-TOF) calcd. for C10H21O3 [M+H]
+: 189.1491, found: 
189.1496. 
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Figure 4.15, Compound 4.47: 
 
 
 
3-Phenyl-2-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)propan-1-ol (4.47). 
Hydroformylation of cinnamyl alcohol was performed following General Procedure 
A and pinacol protection following General Procedure H.  Analysis of the crude 
protection reaction showed a regioselectivity of 94:6.  Purification on silica gel 
eluting with 5-20% ethyl acetate afforded the title compound as a clear oil (137 mg, 
86%).  1H NMR (CDCl3, 400 MHz) & 7.29-7.23 (m, 2H), 7.21-7.14 (m, 3H), 5.03 (d, 
1H, J= 5.6), 3.66-3.50 (m, 2H), 2.94-2.82 (m, 2H), 2.53-2.44 (m, 1H), 2.04-1.94 (m, 
1H), 1.25 (s, 3H), 1.24 (s, 3H), 1.22 (s, 6H); 13C NMR (CDCl3, 100 MHz) & 139.6, 
129.2, 128.3, 126.0, 102.9, 82.4, 81.8, 61.6, 46.7, 32.8, 24.4, 24.3, 22.22, 22.17; IR: 
3464, 2977, 2928, 1454, 1368, 1153, 1134, 1082, 1030 cm-1; HRMS (DART-TOF) 
calcd. for C16H25O3 [M+H]
+: 265.1804, found: 265.1804. 
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3-Phenyl-3-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)propan-1-ol.  
Hydroformylation of cinnamyl alcohol following General Procedure E and pinacol 
protection following General Procedure H afforded the title compound in sufficient 
quantity for analysis.  1H NMR (CDCl3, 400 MHz) & 7.30-7.25 (m, 2H), 7.23-7.17 
(m, 3H), 5.14 (d, 1H, J= 5.6), 3.66-3.57 (m, 1H), 3.56-3.46 (m, 1H), 2.90-2.83 (m, 
1H), 2.19-2.08 (m, 1H), 1.96-1.83 (m, 2H), 1.17 (s, 3H), 1.12 (s, 3H), 1.10 (s, 3H), 
1.09 (s, 3H); 13C NMR (CDCl3, 100 MHz) & 140.6, 128.9, 128.2, 126.6, 103.0, 82.1, 
81.8, 61.3, 48.8, 34.2, 24.1, 24.0, 22.3, 22.1; IR: 3412, 2976, 2930, 2871, 1389, 1156, 
1134, 1073, 700 cm-1; HRMS (DART-TOF) calcd. for C16H25O3 [M+H]
+: 265.1804, 
found: 265.1810. 
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Figure 4.48, Compound 4.49: 
 
 
 
(E)-2-(4,4,5,5-Tetramethyl-1,3-dioxolan-2-yl)hept-5-en-1-ol (4.49). 
Hydroformylation of  (2E,5E)-hepta-2,5-dien-1-ol was performed following General 
Procedure B and pinacol protection following General Procedure H.  Purification on 
silica gel eluting with 5-20% ethyl acetate afforded the title compound as a clear oil 
(122.2 mg, 84%).  1H NMR (CDCl3, 400 MHz) & 5.44-5.29 (m, 2H), 4.91 (d, 1H, J= 
6.0), 3.68-3.51 (m, 2H), 3.04 (br s, 1H), 2.12-1.91 (m, 2H), 1.72-1.63 (m, 1H), 1.58 
(d, 3H, J= 4.8), 1.51-1.10 (m, 13H); 13C NMR (CDCl3, 100 MHz) & 130.9, 125.2, 
103.8, 82.1, 81.6, 62.4, 44.4, 30.0, 26.5, 24.3, 24.1, 22.1, 22.0, 17.8; IR: 3454 (br), 
2976, 2930, 1450, 1368, 1154, 964 cm-1; HRMS (DART-TOF) calcd. for C14H27O3 
[M+H]+: 243.1960, found: 243.1963. 
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Figure 4.15, Compound 4.51: 
 
 
 
 
2-(4,4,5,5-Tetramethyl-1,3-dioxolan-2-yl)propan-1-ol (4.51). Hydroformylation of 
allyl alcohol was performed following General Procedure B [except temperature (30 
°C) and acid loading (0.10 mol % p-TsOH) and the substrate was included in the 
solution during preparation in a dry box)] and pinacol protection following General 
Procedure H [except pinacol (100 mg)].  Analysis of the crude protection reaction 
showed a regioselectivity of 87:13 as compared to the reported spectra of 3-(4,4,5,5-
tetramethyl-1,3-dioxolan-2-yl)propan-1-ol.73  Purification on silica gel eluting with 5-
20% ethyl acetate afforded the title compound as a clear oil (30 mg, 80%).  1H NMR 
(CDCl3, 400 MHz) & 4.82 (d, 1H, J= 6.4), 3.59-3.44 (m, 2H), 2.99 (br s, 1H), 1.86-
1.74 (m, 1H), 1,17 (s, 12H), 0.87 (d, 3H, J= 7.2); 13C NMR (CDCl3, 100 MHz) & 
104.4, 82.2, 81.5, 65.0, 40.6, 24.3, 23.9, 22.1, 21.9, 12.1; IR: 3462 (br), 2976, 2929, 
2876, 1458, 1368, 1155, 1104, 1038, 994, 978, 866 cm-1; HRMS (DART-TOF) calcd. 
for C10H21O3 [M+H]
+: 189.1491, found: 189.1497. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
'"!Polito, M., A., Stowell, J., C. J. Org. Chem., 1992, 57 (7), 2195-2196. 
HO
O O
 page 354!
 
 
HO
O O
HO
O O
 page 355!
 
Hydroformylation of 10 mmol of Cinnamyl Alcohol at 0.5 M Using 5 mol % L2 
 
 
 
 
Cinnamyl alcohol (1.34 g, 10.0 mmol) was equally divided between four oven-dried 
reaction vials and was loaded into the Endeavor. The Endeavor was sealed and 
purged with nitrogen (4 x 100 psi).  In a dry box dicarbonyl acetylacetonato rhodium 
(I) (0.5 mol %, 12.9 mg, 0.05 mmol), ligand L2 (5.0 mol %, 142.7 mg, 0.5 mmol), 
and p-toluene sulfonic acid (0.003 mol %, 527 uL, 5.69 x 10-4 M in benzene) were 
diluted to a total volume of 4 mL in benzene.  1 mL of this solution was added to each 
of the four reaction vials via syringe and an additional 4 mL of benzene was added to 
each reaction vial via syringe. The Endeavor was purged with nitrogen (1 x 100 psi), 
stirring was started at 250 rpm, and the Endeavor was heated to and held at 45 °C for 
10 minutes.  Stirring was stopped, the Endeavor was charged with 200 psi H2/CO, 
stirring was re-initiated at 700 rpm, and the Endeavor was maintained at 45 °C and 
200 psi H2/CO for 16 h.  The Endeavor was vented to ambient pressure and cooled to 
ambient temperature.  The combined reaction solutions were transferred to a dry 250 
mL flask and diluted with benzene (20 mL).  Pinacol (5.00 g, 42.3 mmol) and p-
toluene sulfonic acid monohydrate (5.0 mol %, 95.0 mg, 0.50 mmol) were added.  
HO Ph
a) 5 mol% L2, 0.5 mol% Rh(acac)(CO)2
     0.05 mol% p-TsOH
     benzene, 45 °C, CO/H2 (100 psi)
b) pinacol, p-TsOH (cat.)
HO Ph
O O
Me
Me Me
Me
2.16 g, 83%
95:5 rr
4.23
4.47
10 mmol
0.5 M
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The reaction was heated to 80 °C in an oil bath and stirred for 90 minutes.  The 
reaction was concentrated by rotary evaporation and a crude NMR indicated a 95:5 
regioselectivity.  Purification on silica gel eluting with a gradient of 5-10% ethyl 
acetate in hexanes afforded 2.162 g (83%) of the desired compound as a pale yellow 
oil. 
 
 
Enantioselective Hydroformylation with L4 
 
General Procedure 
An oven dried glass reaction vial containing substrate (0.15 mmol) was placed in the 
Endeavor.  The Endeavor was sealed and purged with nitrogen (4 x 100 psi).  In a dry 
box a solution of dicarbonylacetylacetonato rhodium (I)  (2 mol%, 0.80 mg, 0.003 
mmol), ligand L4 (20 mol%, 10.6 mg, 0.03 mmol), a solution of anhydrous p-toluene 
sulfonic acid (0.02 mol%, 47 uL, 6.3x10-4 M) and benzene (1.0 mL) were combined 
in a syringe.  This solution was taken out of the dry box and injected into the 
Endeavor.  An additional 0.5 mL of benzene was added to wash the injection port.  
The Endeavor was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, 
and the Endeavor was heated to and held at 45 °C for 10 minutes.  Stirring was 
stopped, the Endeavor was charged with H2/CO, stirring was re-initiated at 700 rpm, 
and the Endeavor was maintained at 45 °C and (see pressure in table) H2/CO for 16 h.  
The Endeavor was vented to ambient pressure and cooled to ambient temperature.  
The reactions were concentrated, dissolved in t-BuOH (1 mL), and NaClO2 (52.3 mg, 
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0.6 mmol) and NaH2PO4 (72 mg, 0.6 mmol) were added as a solution in water (1 
mL), followed by 2-methyl-2-butene (0.200 mL).  This reaction was allowed to stir 
for 12 h.  The solvent was removed under vacuum and the residue was diluted with 
ethyl acetate (20 mL), hydrochloric acid was added (0.25 mL).  The reaction was 
dried over anhydrous magnesium sulfate, filtered and concentrated.  Purification on 
silica gel (10% ethyl acetate in hexane) afforded pure carboxylic acids.  The 
carboxylic acids were dissolved in MeOH/benzene (1:1, 1 mL) and TMSCHN2 (80 
uL, 2M) was added and the reaction was stirred for 30 min.  Analysis was by GC 
using a BDEX120 column (30 m x 0.25 mm x 0.25 um) at 75 °C. 
 
Figure 4.17, entry 1:  124.4 min (area = 94.5), 128.6 min (area = 58.2), 24 % ee. 
 
 
 
 
 
 
 
HO Pr
O OMe
4.54
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Figure 4.17, entry 2: 124.7 min (area = 73.4), 128.8 min (area = 48.8), 20% ee. 
 
 
 
Figure 4.17, entry 3: 124.2 min (area = 100.5), 128.2 min (area = 83.0), 10% ee. 
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Figure 4.17, entry 4: 125.4 min (area = 39.4), 129.4 min (area = 40.3), 0% ee 
 
 
 
 
 
Figure 4.17, entry 5: 124.9 min (area = 53.6), 128.7 min (area = 52.3), 0% ee 
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Figure 4.17, entry 6: 125.3 min (area = 39.8), 129.0 min (area = 42.3), 0% ee 
 
 
 
 
Addition of Benzaldehyde to Hydroformylation Reactions 
Reactions in Figure 4.18 were performed as described above, except with ligand 2.30 
(25 mol%), and benzaldehyde (20.3 uL, 0.2 mmol).  Analysis was performed on the 
carboxylic acid products by SFC on an AD-H column with 7% methanol as modifier 
at a flow rate of 3 mL/min. 
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Figure 4.18, entry 1: 2.79 min (area = 7.6), 3.19 min (area = 2.9), 44% ee. 
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Figure 4.18, entry 2: 2.89 min (area = 3.8), 3.18 min (area = 3.1), 8% ee.  
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4.53
